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ABSTRACT

This thesis reports a series of fundamental investigations of grain boundary wetting,
adsorption and structural (phases) transitions in doped Ni, Cu and Si with technological
relevance to liquid metal embrittlement, liquid metal corrosion and device applications.
First, intrinsically ductile metals are prone to catastrophic failure when exposed to certain
liquid metals, but the atomic level mechanism for this effect is not fully understood. A
nickel sample infused with bismuth atoms was characterized and a bilayer interfacial
phase that is the underlying cause of embrittlement was observed. In a second related
study, we showed that addition of minor impurities can significantly enhance the
intergranular penetration of bismuth based liquids in polycrystalline nickel and copper,
thereby increasing the liquid metal corrosion rates. Furthermore, we extended a concept
that was initially proposed in the Rice-Wang model for grain boundary embrittlement to
explain our observations of the impurity-enhanced intergranular penetration of liquid
metals. Finally, a grain-boundary transition from a bilayer to an intrinsic is observed in
the Si-Au system. This observation directly shows that a grain boundary can exhibit a
first-order “phase” transition, which often implies abrupt changes in properties.

ii

DEDICATION

I dedicate this work to my Father, Mother and Sister, in appreciation of their love,
support and encouragement.

iii

ACKNOWLEDGMENTS

I would like to take this opportunity to thank all the people who made this
dissertation possible in the past five years of my research work.
First of all, my deepest thanks go to Dr. Jian Luo, my committee chair and advisor,
for his significant support and guidance throughout my Ph.D. work. Uncountable
meaningful discussions lead me to approach the goal of this work step by step. I am also
very grateful for the suggestions and inputs from my committee members: Dr. Eric Skaar,
Dr. Konstantin Kornev and Dr. Jian He in the past years from oral exam to pre-defense
meeting. I would also like to thank Dr. Joan Hudson and the Electron Microscopy facility
at Clemson University for their help during these years.
I finally extend my appreciation to all my group members in the past five years,
especially to Dr. Jimmy Shi for his help and support.

iv

TABLE OF CONTENTS
Page
TITLE PAGE………………………………………………………………………………i
ABSTRACT………………………………………………………………………………ii
DEDICATION…………………………………………………………………………....iii
ACKNOWLEDGEMENTS………………………………………………………………iv
LIST OF TABLES…………………………………………………………………..….viii
LIST IF FIGURES……………………………………………………………………..…ix
CHAPTER
I.

INTRODUCTION………………………………………………………...1

II.

LITERATURE REVIEW…………………………………………………5
2.1 Liquid Metal Corrosion and Embrittlement……………….……..5
2.2 Grain Boundary Phase Transitions (Complexions)……....……..10

III.

EXPERIMENTAL PROCEDURES……………………………………..17
3.1 Raw Materials…………….……………………………………..17
3.2 Specimen Preparation for Liquid Metal Penetration
Experiments (Ni-Bi and Cu-Bi Systems)…….......……….…18
3.3 Addition of Impurities in the Melts (Ni-Bi & Cu-Bi
Systems)………...…………………………………………...22

v

Table of contents (Continued)

3.4 Silicon Bicrystal Sample Preparation and DeWetting Experiments……………………...…………………24
IV.

NICKEL GRAIN BOUNDARY WETTING,
PENETRATION AND EMBRITTLEMENT
BY LIQUID BISMUTH…………………………………………...…....32
4.1 Motivations………………………..…………………………….32
4.2 The Ni-Bi Binary System…………………………………...…..34
4.3 The Liquid Metal Penetration Models and
Intergranular Penetration in the Ni-Bi Binary
System……………………………………………………….38
4.4 Bismuth Bilayer Adsorption and Embrittlement
Along the Nickel GBs ……………………..……………..…42

V.

EFFECT OF IMPURITIES ON INTERGRANULAR
PENETRATION OF LIQUID BISMUTH ALONG
THE GRAIN BOUNDARIES OF
POLYCRYSTALLINE NICKEL………………………………………..50
5.1 Motivations……………………………….…….……………….50
5.2 Impurities in the Solid Ni……………………………………….53
5.3 Impurities in the Ni-Bi Liquid…………………………………..60
5.4 Impurity Effects on Intergranular Penetration in the
Dilute Solution Limit………………………..……………….70
5.5 Further Considerations: Interfacial Phase
(Complexion) and GB Diffusion…...………………………..76

vi

Table of contents (Continued)

5.6 Effects of Bulk Equilibria: Dissolution, Precipitation,
Diffusion and Stress Generation……...…………………..….78
5.7 Conclusion Remarks…………….………………………………85
VI.

IMPURITY EFFECTS ON COPPER GRAIN BOUNDARY
WETTING BY LIQUID BISMUTH……………………...……………..94
6.1 Motivations..………………………………………………….…94
6.2 Key Results of The Cu-Bi Binary System……………………....95
6.3 Impurity Effects on Bismuth Intergranular
Penetration along GBs of Polycrystalline Copper……….…101

VII.

GRAIN BOUNDARY WETTING and Structural
Transitions IN Si-Au SYSTEM………………….……………………..113
7.1 Motivations……….……………………………………………113
7.2 Grain Boundary Dewetting in Si-Au…………….…………….114
7.3 Electron Microscopy Observations of Si GBs………….……...120

VIII.

CONCLUSIONS…………………………………………………….....127
APPENDICES …………………………………………………………130
8.1 Appendix 1……………………………...……………………..131

vii

LIST OF TABLES
Table

Page

3.1

Physical properties of nickel and copper.……...………………………………… 18

3.2

The temperature calibration data of the furnace…………………………..…...… 27

4.1

Summary of the measured penetration length (mean ± 1 standard
deviation m) for experiments performed at various conditions…….……… 38

5.1

Summary of the measured penetration length (mean ± 1 standard
deviation m) for experiments performed at various conditions. Reprinted from
Ref. 79 with permission from Elsevier………………………………………. 59

6.1

Summary of the measured penetration length (mean ± 1 standard
deviation, m) for experiments performed at various conditions………….. 110

viii

LIST OF FIGURES
Figure

Page

2.1 (a) 2CrSiMoV steel after 300 hrs in contact with LBE (lead bismuth
eutectic) and (b) CrMoV steel after 6000 hrs in contact with
10-40 ppm Ti at 873 K. Reprinted from Ref. 14 with
permission from Elsevier.………………………………………………..….. 7
2.2

(a) Transverse section of Ni in contact with Bi0.735-Ni0.265 liquid
at 700 ⁰C after 1 hr. (b) Schematic representation of
intergranular film thickness at 700 ⁰C after 8 hrs (from AES).
Reprinted from Ref. 15 with permission from John
Wiley and Sons…………………………………………………………….. 8

2.3

Z contrast image of the GB of a symmetric 36.8⁰ <001> tilt boundary
of (a) pure Cu and (b) Bi doped copper after annealing. Reprinted
from Ref. 16 with permission from Nature
Publishing Group…………………………………………………...……...... 9

2.4

HRTEM image of the intergranular film in Ni-doped tungsten. Reprinted
from Ref. 33 with permission from Elsevier………….………………...…. 10

ix

2.5

HAADF-STEM and HRTEM (a) images of GB complexions in dopedAl2O3 and their schematic structures (b). Reprinted from
Ref. 17 with permission from Elsevier………………………………..…… 12

2.6

GB penetration experiments……………………………………………...……… 13

3.1

Binary phase diagram of the Ni-Bi system (Reprinted from Ref. [1])………...… 19

3.2

Binary phase diagram of the Cu-Bi system (reprinted from Ref. [2])…………… 20

3.3

Picture of the three-zone Lindbergh furnace used in the experiments
(a & b) and a schematic showing the relative position of each part (c)…… 21

3.4

The binary phase diagram of Si-Au system (reprinted from Ref. [3])………...…. 25

3.5

A typical  29 bicrystal silicon with 0.1 µm Au coated on each surface……...… 26

3.6

An example of cooling profile of the sample after gas quench………………….. 28

3.7

The MHI gas quench furnace (a) and schematic picture of the furnace (b)…....... 29

x

4.1 Summary of the results of the intergranular penetration of the
equilibrium Bi-Ni liquid in pure Ni at 700 C. (a) A
cross-sectional SEM micrograph of a typical GB groove after
annealing for 5 hrs. L is the penetration length and θ is the
dihedral angle at the penetration tip. (b) The distribution of
measured dihedral angles at different GBs in this specimen.
(c) Measured average dihedral angle and (d) penetration length vs.
annealing time. (e) In a specimen that was annealed at 700 C for
16 hrs, the liquid penetration length exceeded the grain size.
Reprinted from Ref. 32 with permission from Elsevier……………....…… 35
4.2 Intergranular fractures were evident in the SEM micrographs of
the (a) cross sectional and (b) fracture surfaces. Reprinted from
Ref. 32 with permission from Elsevier…………………...……………..…. 36
4.3

Comparison of the intergranular penetration lengths (L’s) when
pure Ni foils were annealed in contact an equilibrium 1Bi-0.36Ni
liquid and an initially pure Bi liquid, respectively, at 700 C
for 5 hrs. Reprinted from Ref. 32 with permission
from Elsevier……………………...………………………….……………. 37

xi

4.4

Summary of the experimental observations for a specimen annealed
at 1100 C for 5 hours. (A) A bilayer interfacial phase has been
found at all independent general GBs examined in a
prolonged “embrittlement region” in front of the micrometer-scale
tips. (B) SEM micrograph of a micrometer-scale tip.
(C) STEM HAADF micrograph, showing the equilibrium among Ni
grains, a Bi pocket and a bilayer interfacial phase at the
adjacent GB. Reprinted from Ref. 33 with permission
from AAAS………..………………………………………………………. 43

4.5 (a) and (b) SEM micrographs of fractured surfaces indicating the
precipitation of isolated small Bi particles and the occurrence of
triple line wetting. (c) STEM HAADF micrograph of a
nanoscale Bi precipitate at a GB. (d) Cross-sectional SEM
micrograph showing a gap in the penetrating liquid Bi film along
a Ni GB. Reprinted from Ref. 33 with permission
from AAAS…………………………………………………………...…… 45

xii

4.6 Measured (projected) distances between two neighboring adsorbed Bi
atom columns across two adsorbed layers. Reprinted from Ref. 33
with permission from AAAS………………………………………………. 46
5.1 The intergranular penetration of the equilibrium Bi-Ni liquid was
significantly faster in (c) an impure Ni specimen (99.5 % Ni,
0.21 % Mn, 0.14 % Fe and 0.1 % Si) than that in (a) a pure
(99.9945%) Ni specimen of a similar grain size. (b) The mesaured
average penetration lengths for cases (a) vs. (c). (d) The
intergranular penetration of the equilibrium Bi-Ni liquid in an
impure specimen of a smaller average grain size. (e) and (f) Enlarged
images of the circled area of panels (c) and (d), respectively. In all
cases, the Ni specimens were brought into contact with equilibrium
1Bi-0.36Ni liquids and annealed at 700 C for 5 hrs. Reprinted from
Ref. 79 with permission from Elsevier…………………………………..… 54

xiii

5.2

Representative images of the tips of the intergranular penetration of the
equilibrium Bi-Ni liquid in the impure (99.5 %) Ni. The apparent
dihedral angles appeared to significantly smaller (~5) than those in
the pure (99.9945 %) Ni (see, e.g., Fig. 1(a)). However, the liquid
channels were broken during the solidification and the tips were
further smeared by the e-beam irradiation in SEM, making accurate
measurements of the dihedral angles difficult. Reprinted from
Ref. 79 with permission from Elsevier…………………………………..… 55

5.3

The effect of the purity of the Ni specimen on the intergranular
penetration was even more significant when the Ni specimens
were brought into contact with initially pure Bi liquids. SEM cross
sectional images of (a) a pure (99.9945% Ni) specimen and (b)
an impure specimen (99.5 % Ni, 0.21 % Mn, 0.14 % Fe and 0.1 % Si)
of similar average grain sizes of ~75 µm after annealing in
contact with initially pure Bi liquids at 700 C for 5 hrs. (c) The
mesaured average penetration lengths for pure and impure Ni
foils after annealing in contact with initially pure Bi liquids at
700 C for different durations. Reprinted from Ref. 79 with
permission from Elsevier…………………………………..……………… 57

xiv

5.4

The time evolution of the intergranular liquid penetration in the impure
(99.5 % Ni, 0.21 % Mn, 0.14 % Fe and 0.1 % Si) specimens
after being brought into contact with initially pure Bi liquids and
annealed at 700 C for (a)-(d) 0.15 hr, (e) 1 hr and (f) 5 hrs,
respectively. In (c) and (d), Bi-based penetration tips were
presumably broken during solidification and probably further smeared
by the e-beam irradiation in SEM. Reprinted from Ref. 79 with
permission from Elsevier…………………………………………...……… 58

5.5 The effects of the addition of impurities in the liquid on the intergranular
penetration of pure (99.9945%) Ni. Representative cross-sectional
SEM images for specimens penetrated by (a) and (b) a Bi + 0.36Ni
liquid without other impurities (as the reference) vs. Bi-0.36Ni liquids
with the addition of different amounts of (c)-(e) Mn, (f)-(h) Sn and
(i)-(k) Fe, respectively. The initial liquid compositions are labeled.
All specimens were annealed at 700 C for 5 hrs. Reprinted from
Ref. 79 with permission from Elsevier…………………………….………. 61

xv

5.6 (Color online) Effects of the impurity addition in the Bi-Ni liquid on the
penetration length in the pure (99.9945%) Ni specimens after
annealing at 700 C for 5 hrs. Representative SEM images are shown
in Fig. 8. The causes for the observed different behaviors are
discussed in section 5.6. Reprinted from Ref. 79 with permission
from Elsevier…………………………………………………………….… 62
5.7 Effects of adding a substantial amount of Mn in the 1Bi-0.36 Ni liquid
on the penetration of pure Ni specimens annealed at 700 C for 1
hr and 5 hrs. Reprinted from Ref. 79 with permission
from Elsevier…………………………………………...………………….. 64
5.8 (a) A representative cross-sectional SEM micrograph of the intergranular
penetration of a pure Ni specimen by a Bi-0.36Ni-0.20Mn liquid
at 700 C for 5 hrs. (b) EDX spectra of four selected regions in
(a). See discussion in section 5.6. Reprinted from Ref. 79 with
permission from Elsevier…………………………………………….…….. 65

xvi

5.9 (a) A representative cross-sectional SEM micrograph of the intergranular
penetration of a pure Ni specimen by a Bi-0.36Ni-0.10Sn liquid at
700 C for 5 hrs. (b) EDX spectra of five selected regions in
(a). See discussion in section 5.6. Reprinted from Ref. 79 with
permission from Elsevier………………………………………….……….. 67
5.10 (Color online) (a) A representative cross-sectional SEM micrograph
of the intergranular penetration of a pure Ni specimen by a
Bi-0.36Ni-0.20Fe liquid at 700 C for 5 hrs. (b) EDX spectra
of three selected regions in (a). See discussion in section 5.
Reprinted from Ref. 79 with permission from Elsevier………………….... 69
5.11 Schematic illustration of the proposed mechanism for the observed
impurity enhanced the intergranular penetration. Reprinted from Ref. 79 with
permission from Elsevier………………………………….……………….. 71

xvii

5.12 (Color online) Schematic sketches of the key features (that are relevant
to our experiments) in the isothermal sections of the (a) Bi-Ni-Mn,
(b) Bi-Ni-Sn and (c) Bi-Ni-Fe ternary phase diagrams at 700 C.
Liquidus (blue dashed), solidus (red solid) and tie (dotted) lines
are also shown. Reprinted from Ref. 79 with permission
from Elsevier…………………………………………………….………… 80
6.1 Summary of the results of the intergranular penetration of the
equilibrium Bi-Cu liquid in pure Cu at 700 C (a-d) and 953 C
(e-h) after annealing for 5 hrs. (a&e) Cross-sectional SEM
micrographs and (b&f) corresponding enlarged images of the
typical GB grooves (L is the penetration length and θ is the dihedral
angle at the penetration tip). (c&g) The distribution of measured
dihedral angles. (d&f) EDX spectra of the (solidified) liquid
regions quenched from the two temperatures…………………………….... 96
6.2

SEM images of fractured surface indicating intergranular fractures…………….. 97

6.3 Comparison of the average intergranular penetration lengths (L’s)
at different temperatures. The error bars represent  one
standard derivations…...…………………………………………………… 98

xviii

6.4 Representative images of the “tips” of penetration liquid channels
at 953 C. The liquid channels were broken during the solidification
and the tips might be further smeared by the e-beam
irradiation in SEM………………………………………………….……… 98
6.5

The effect of applying an initially-pure Bi liquid vs. an equilibrium Bi-Cu
liquid on the intergranular penetration at 700 C (after annealing
for 5 hrs)……………………………………………………………….…. 100

6.6

The mesaured average penetration lengths (L’s) for pure Cu foils after
annealing in contact with an initially-pure Bi vs. an equilibrium
Bi-Cu liquids at 700 C for 5 hrs……………………………………...….. 100

6.7 The effects of the addition of impurities in the liquid on the intergranular
penetration of pure (99.999%) Cu. Representative cross-sectional
SEM images for specimens penetrated by (a) Bi + 0.28Cu liquid
without other impurities (as the reference) vs. Bi-0.28Cu liquids
with the addition of different amounts of (b-d) Mn and (e-g) Sn.
The initial liquid compositions are labeled. All specimens were
annealed at 700 C for 5 hrs…………………….………………….…….. 102

xix

6.8 (a) A representative cross-sectional SEM micrograph of the intergranular
penetration of a pure Cu specimen by a Bi-0.Cu-0.21Mn liquid at
700 C for 5 hrs. (b) EDX spectra of four selected
regions in (a)…………………………………………………..……….…. 104
6.9 (a) A representative cross-sectional SEM micrograph of the intergranular
penetration of a pure Cu specimen by a Bi-0.28Cu-0.10Sn liquid
at 700 C for 5 hrs. (b) EDX spectra of four selected
regions in (a)………………………………………………………….…. 105
6.10 Effects of the impurity addition in the Bi-Cu liquid on the penetration
length in the pure (99.999%) Cu specimens after annealing at
700 C for 5 hrs (representative SEM images are shown
in Fig. 6.7)…………………...…………………………………..……….. 108
6.11 (Color online) Schematic sketches of the key features (that are
relevant to our experiments) in the isothermal sections of the (a) Bi-Cu-Mn,
and (b) Bi-Cu-Sn ternary phase diagrams at 700 C. Liquidus (blue dashed)
and solidus (red solid) are also shown…………….……………...…...….. 109

xx

7.1

(a) A SEM micrograph of a typical Si-Au lens along the GB of a
(111) bi-crystal with 44 misorientation at ∆T=309 after annealing
for 5 hrs. (b) SEM micrograph of the tip the same particle in
Fig. 7.1(a) with 100 ⁰A of Au coat. Angle θ represents the dihedral
angle at the particle tip…………………………………………………… 116

7.2

The binary phase diagram of Si-Au system (reprinted from Ref. [33])…………. 117

7.3

SEM micrograph of a typical Si-Au lens along the GB of a (111) bi-crystal
with 44 misorientation in specimens quenched from ∆T= 5 (a) and
∆T≤1 (b) after annealing for 5 hrs…………………………………......…. 118

7.4

The actual 3D dihedral angle at different ∆Ts for (a) the (111) bi-crystal
with 15 misorientation and (b) the (100) bi-crystal
with 44 misorientation…...………………………………………...……. 119

7.5

HAADF STEM micrographs of (a) a withdrawing Au drop at the interface
of a Si bicrystal, which presumably formed during cooling. (b)-(d)
are views the Regions B, C and D, respectively, at higher
magnifications (Reprinted from Ref. 34 with permission
from Elsevier)……...…………………………………..………………… 121

xxi

7.6 (a) HAADF STEM micrograph showing abrupt transition regions
between the bilayer and the “clean” GB, indicating the occurrence
of a first-order GB phase transition between them…………………….…. 122
7.7 (a) The SEM micrograph of particles at (100) 44⁰ twist GB and the (b)
STEM image of the GB in a specimen quenched from ∆T≤1…….. ……...123

xxii

CHAPTER ONE
INTRODUCTION

When certain structural metals/alloys, such as Ni, Cu and Al, are exposed to certain
liquid metals, deep grain boundary grooves can develop and liquid can quickly penetrate
into the grain boundaries. The adsorption of the liquid metal species can occur at the
grain boundaries and result in the catastrophic brittle intergranular fracture of these
normally ductile metals or alloys at unexpected low stress levels; this phenomenon,
which is called “liquid metal embrittlement”, has puzzled the materials and physics
communities for over a century. Furthermore, grain boundary penetration of the liquid
metals will cause severe corrosion of the polycrystalline structural alloys. Both liquid
metal corrosion and embrittlement are technologically important for understanding and
controlling hot dip galvanization, welding and soldering, as well as enabling the safe
usages of liquid metals in the cooling circuits in nuclear reactors [1-7]. On the top of
that, similar grain boundary adsorption and structural transition phenomena exist in other
materials systems (such as ceramic systems and semiconductors), where they can affect a
variety of materials fabrication and properties. This thesis reports a series of fundamental
investigations of grain boundary wetting, adsorption and structural (phases) transitions in
doped Ni, Cu and Si.
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A review of pertinent literature is given in Chapter 2. Chapter 3 details the
experimental procedures. Subsequently, Chapter 4 discusses Ni grain boundary wetting,
penetration and embrittlement by liquid bismuth. While most of the prior studies have
been focused on the macroscopic level, relatively little work has been conducted to
investigate the microstructural aspects and atomic level understanding of this
phenomenon, which motivated our study. Chapter 4 reports a systematic investigation on
the binary Ni-Bi model system. Using aberration corrected scanning transmission
electron microscopy, a Bi bilayer interfacial phase along Ni GBs was observed by our
collaborators at Lehigh University on the specimens prepared at Clemson. This
observation helped to understand the atomic-level cause of embrittlement. Relevant
observation of grain boundary wetting and penetration in this binary system was also
reported in Chapter 4, which served as a basis for Chapter 5.
Furthermore, Chapter 5 focuses on effects of impurities on intergranular penetration
of liquid Bi along the grain boundaries of polycrystalline Ni. Investigating the impurity
effects on intergranular penetration is important and has practical applications because
engineering materials are rarely used as their pure form. In this study, the effects of
adding additional impurities on the intergranular liquid metal penetration was
systematically investigated using 10 different combinations of the solid-liquid couples.
Consequently, a framework to understand such impurity effects was developed. Then, we
further extended the study to another model system (Cu-Bi) and compared the results in
the two model systems in Chapter 6.

2

To further extend our work to beyond simple metallic systems, , we investigated SiAu and reported the results in Chapter 7. Here, we focused on the grain boundary
structural transition along the Si bi-crystals upon dewetting of Au-based liquid film. We
observed a first-order grain boundary transition from an Au-based bilayer to a normally
“clean” grain boundary, in absence of the intermediate state of a “monolayer”.
Some key conclusions are drawn in Chapter 8. The series of studies helped to
deepen our fundamental understandings of the grain boundary wetting, adsorption and
structural transitions in metallic and semiconductor systems; their potential technological
roles in embrittlement, liquid metal corrosion and a broad range of other materials
fabrication properties and properties are further revealed.
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CHAPTER TWO
LITERATURE REVIEW

2.1 Liquid Metal Corrosion and Embrittlement
When polycrystalline solids are in contact with certain liquids, grain boundary
(GB) grooves can develop and liquids can quickly penetrate into the GBs. The exposure
of ductile materials such as Ni, Cu and Al to certain liquid metals can result in
catastrophic failure and brittle fracture [1-3, 6-10]. The liquid metal embrittlement studies
focus on the intergranular penetration and the adsorption of the liquid metal at the GBs in
front of the penetration tips which can cause brittle intergranular fracture at unusually
low stress levels. Most of these studies have been conducted for binary systems such as
Ni-Bi, Cu-Bi and Al-Ga. In a recent study, scanning electron microscopy (SEM) and
Auger electron spectroscopy (AES) were used to characterize liquid Bi penetration along
Ni GBs to study the GBs and liquid metal embrittlement in this system. Three distinct
regions of microscale Bi films, nanoscale Bi films and submonolayer adsorption were
identified along GB and the penetration direction (Fig.2.2) [15]. Although the risk of this
so-called liquid metal embrittlement has been well recognized for many years, the
mechanism and the parameters that control it are not fully understood [1-7].
Understanding and controlling liquid metal embrittlement phenomenon is
technologically important to several industrial processes, including hot dip galvanization,
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welding (cracking during and/or after hot dip galvanizing or welding of steels and other
nonferrous structural alloys), soldering and uses of liquid metals in the cooling circuits in
nuclear reactors, as well as in spallation target based nuclear energy generation and
nuclear waste incineration systems [1-10].
Another related, technologically important, phenomenon is liquid metal corrosion
[4, 5, 11-14]. Liquid metal corrosion studies focus on the dissolution at the solid-liquid
interfaces. Recently, there are an increasing number of studies of liquid metal corrosion
owning to their applications in nuclear reactors. Most of studies focus on the system of
steels in contact with the Pb-Bi liquid because of their applications in advanced nuclear
reactors. For instance, it was proposed that the addition of Zr and Ti can significantly
inhibit the liquid metal corrosion of carbon and low alloy steels, but it does not have
considerable effects for the stainless steels (Fig 2.1). The corrosion inhibitors prevent the
dissolution of solids by the formation of the protective oxide layers on the solid surfaces
[4, 5, 11-14].
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Fig. 2.1. (a) 2CrSiMoV steel after 300 hrs in contact with LBE (lead bismuth
eutectic) and (b) CrMoV steel after 6000 hrs in contact with 10-40 ppm Ti at 873 K.
Reprinted from Ref. 14 with permission from Elsevier.
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Fig. 2.2. (a) Transverse section of Ni in contact with Bi0.735-Ni0.265 liquid at 700 ⁰C after
1 hr. (b) Schematic representation of intergranular film thickness at 700 ⁰C after 8 hrs
(from AES). Reprinted from Ref. 15 with permission from John Wiley and Sons.

Recently with the development of the focused ion beam (FIB) technique, it is
possible to cut a series of TEM specimens along the penetration direction for aberration
corrected scanning transmission electron microscopy (AC STEM) with Z contrast to
study the GB structures and compare the results with prior Auger and other advance
microscopy techniques. In a recent study (using STEM), embrittlement of copper by
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bismuth was directly investigated and a monolayer/submonolayer Bi adsorption at Cu
GBs was observed as shown in Fig. 2.3 [16].

Fig. 2.3. Z contrast image of the GB of a symmetric 36.8⁰ <001> tilt boundary of (a) pure
Cu and (b) Bi doped copper after annealing. Reprinted from Ref. 16 with permission
from Nature Publishing Group.

Most of the prior studies for the mentioned systems have been conducted for
binary systems only. The effects of adding a third impurity have not been systematically
investigated yet on the intergranular penetration.

9

2.2 Grain Boundary Phase Transitions (Complexions)
Using high resolution transmission electron microscopy, a unique class of thin,
disordered films has been identified at grain boundaries. In the past few decades,
researchers studying ceramics have discovered the widespread existence of these films
[30-35]. These liquid like films exhibit an equilibrium thickness in response to a balance
among attractive and repulsive interfacial interactions [18, 36, 37].
The exploration of intergranular films in refractory metals extends observation of
this phenomenon from ceramics to metals (Fig. 2.4). Grain boundary structures and
transitions are very important; a large variety of processing, electronic, mechanic, and
catalytic properties of materials depend on the existence such thin interfacial films [30].

Fig. 2.4. HRTEM image of the intergranular film in Ni-doped tungsten. Reprinted
from Ref. 33 with permission from Elsevier.
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Recently Dillon and Harmer observed a series of GB phases in doped Al2 O3
system and named them as “complexions” [17-21]. Six distinct GB structures (Fig. 2.5),
namely, an intrinsic/clean GB, a Langmuir-McLean type monolayer (submonolayer), a
bilayer, a trilayer, a nanoscale intergranular film of an equilibrium thickness, and a
complete wetting film of an arbitrary thickness, have been identified [22-26]. The
recognition of GB phase behaviors has provided new insights towards the understanding
of several outstanding scientific problems in materials science regarding the origins of
abnormal grain growth [17, 22], solid-state activated sintering [27-29], and liquid metal
embrittlement [2].
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Fig. 2.5. HAADF-STEM and HRTEM (a) images of GB complexions in
doped- Al2O3 and their schematic structures (b). Reprinted from Ref. 17 with
permission from Elsevier
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Liquid penetration along the GBs could be used to investigate the grain boundary
structures. A series of GB structures is expected to form along the penetration direction
with reducing dopant activity (Fig. 2.6).

Fig. 2.6. GB penetration experiments.
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CHAPTER THREE
EXPERIMENTAL PROCEDURES

3.1 Raw Materials
Polycrystalline nickel foils with the nominal purities of 99.9945% and 99.5%
(atomic percentages), respectively, were purchased from Alfa Aesar Company, which are
referred to as to “pure” and “impure” nickel, respectively, in the following text. The main
impurities in the impure (99.5%) nickel foils (presented by Alfa Aesar Company) are Mn
(0.21 at. %), Fe (0.14 at. %) and Si (0.1 at. %). The as-received pure and impure nickel
foils, respectively, have the initial average grain sizes of 75 µm and 25 µm, respectively;
the impure foils were then annealed at 900 C for 2 hours to obtain an average grain size
of ~75 µm to be comparable to that of pure nickel foils.
High purity polycrystalline copper foil with the nominal purity of 99.999% (atomic
percentages) was also purchased from Alfa Aesar Company which has the initial average
grain size of 200 µm. The characteristics of nickel and copper are presented in Table 3.1.
The bismuth, nickel, copper, manganese, tin and iron powders with the nominal
purities of 99.999%, 99.999%, 99.9%, 99.95%, 99.999% and 99.998% (atomic
percentages), respectively, were also purchased from the Alfa Aesar company and used to
make the premade alloys for the liquid penetration experiments.
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Table 3.1. Physical properties of nickel and copper.

Element

Nickel (Ni)

Copper (Cu)

Atomic Number

28

29

Atomic Weight (gr/mol)

58.7

63.5

Melting Point (⁰C)

1455

1084.6

Density (gr/cm3)

8.91

8.94

Crystal Structure

FCC

FCC

Atomic Radius (pm)

124

128

3.2 Specimen Preparation for Liquid Metal Penetration Experiments (Ni-Bi and Cu-Bi
Systems)
All nickel and copper foils were grinded with silicon carbide lapping films (up to
1200 grit), fine polished with 1.0 and 0.3 µm alumina suspensions, and cleaned in pure
acetone.
The polished side of the nickel foils was put in contact with the bismuth powders or
(pre-made) 1Bi-0.36Ni alloy beads in an alumina boat and then annealed. The 1Bi-0.36Ni
alloy (i.e., 73.5 at. % Bi + 26.5 at. % Ni; for easy comparisons, we normally use atomic
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ratios to label the starting liquid/alloy compositions and normalize the ratios to 1Bi),
which has the equilibrium liquidus composition at 700 C based on the Ni-Bi phase
diagram [1], was made and used in most penetration experiments to avoid dissolution of
the Ni from the solid foils into the liquids. The binary phase diagram of Ni-Bi is shown in
Fig. 3.1.

Fig. 3.1. Binary phase diagram of the Ni-Bi system (Reprinted from Ref. [1]).

The polished side of the copper foils was also put in contact with the bismuth
powders or pre-made 1Bi-0.28Cu or 1Bi-4Cu alloy beads (equilibrium compositions
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based on the phase diagram at 700 ºC or 953 ºC respectively [2]). The 1Bi-0.28Cu (i.e.,
78 at. % Bi + 22 at. % Cu) and 1Bi-4Cu alloys (i.e., 20 at. % Bi + 80 at. % Cu), were
made and used in most penetration experiments to avoid dissolution of the Cu from the
solid foils into the liquids. The binary phase diagram of Cu-Bi is shown in Fig. 3.2.

Fig. 3.2. Binary phase diagram of the Cu-Bi system (reprinted from Ref. [2]).

The alumina boat was placed in a 3-zone Lindbergh horizontal tube furnace (Fig.
3.3). We placed specimen in zone 2, which is kept at a desired annealing temperature for
a specific time. The temperature is monitored by a K type thermocouple inside the
furnace, which is placed within 10 mm to the specimen.
20

(a)

(b)

(c)
Zone #2
Forming Gas Flow
Alumina boatT2

Thermocouple

Alumina boat pulled out
for water quench

Fig. 3.3. Picture of the three-zone Lindbergh furnace used in the experiments (a & b)
and a schematic showing the relative position of each part (c).

The sample inside the furnace is protected from oxidization by flow forming gas (95
mol. % Ar + 5 mol. % H2). Titanium sponges were also used as a getter to help to
remove/reduce the remaining oxygen and moisture. After the sample is annealed at the
desired temperature and time, it is pulled out the furnace and water quenched to preserve
the high-temperature structures. The quenched specimens were then transversely cut and
the cross-sectional specimens were examined using a Hitachi SU6600 field-emission
scanning electron microscope (SEM) equipped with an energy dispersive X-ray (EDX)
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spectroscopy analyzer. All quenched specimens were sectioned, polished and examined
using scanning electron microscopy (SEM, Hitachi S-4800) at Clemson University.
Transmission electron microscopy (TEM) specimens were prepared by the
combination of a focused ion beam instrument (FIB; FEI Strata DB 235) and a careful
low energy ion milling technique (Fischione 1010; for polishing the specimens to remove
possible preparation artifacts caused by FIB) and characterized using an aberration
corrected scanning TEM (STEM; JEOL 2200FS) at Lehigh University by our
collaborators. Most of STEM micrographs reported here are Z-contrast high-angle
annular dark-field (HAADF) images. Magnifications of STEM HAADF images were
calibrated by measuring silicon lattice spacings.

3.3 Addition of Impurities in the Melts (Ni-Bi & Cu-Bi Systems)
In the nickel experiments, to investigate the effects of impurities in the melts,
manganese, tin and iron were individually added into the 1Bi-0.36Ni alloy (liquid metals
at 700 C). Two sets of Bi-Ni-M (M = Mn, Sn or Fe) alloys were made. In the first set of
specimens, 1 at. % of M was added into 1Bi-0.36Ni alloys to attain the composition of
1Bi-0.36Ni-0.014M. In the second set, 5 wt. % of M was added 1Bi-0.36Ni alloys to
attain the compositions of 1Bi-0.36Ni-0.21Mn, 1Bi-0.35Ni-0.10Sn and 1Bi-0.36Ni0.21Fe, respectively (i.e., 13.3 at. % Mn, 6.7 at. % Sn and 13.1 at. % Fe, respectively, in
the alloys). These pre-made ternary Ni-Bi-M alloy beads were also placed on the top of
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the polished nickel foils to conduct isothermal penetration experiments to examine the
effects of impurities when they were added in the starting liquids.
All specimens were annealed at 700 C for various durations and then quenched in
water. Noting that most of our binary (Ni-Bi) and ternary (Ni-Bi-M) systems exhibit only
two equilibrium bulk phases, a nickel-rich solid BCC phase and a bismuth-rich liquid
phase, at that annealing of 700 C; the only exception is that with addition of 5 wt. % Sn,
a third phase (Ni3Sn) precipitated.
In copper experiments, to investigate the effects of impurities in the melts,
manganese and tin were individually added into the 1Bi-0.28Cu alloy (liquid metals at
700 C). Two sets of Bi-Cu-M (M = Mn or Sn) alloys were made. In the first set of
specimens, 1 at. % of M was added into 1Bi-0.28Cu alloys to attain the composition of
1Bi-0.28Cu-0.013M. In the second set, 5 wt. % of M was added 1Bi-0.28Cu alloys to
attain the compositions of 1Bi-0.28Cu-0.21Mn and 1Bi-0.28Cu-0.10Sn respectively (i.e.,
13.8 at. % Mn and 6.8 at. % Sn in the alloys). These pre-made ternary Cu-Bi-M alloy
beads were also placed on the top of the polished copper foils to conduct isothermal
penetration experiments to examine the effects of impurities when they were added in the
starting liquids.
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3.4 Silicon Bicrystal Sample Preparation and De-Wetting Experiments
The Si bicrystal specimens (with a 100 nm thick Au film sandwiched between two Si
crystals) were made using (111) and (100) float zone wafers by our collaborators at
Purdue University. The purchased wafers were cut, cleaned ultrasonically in acetone for 5
minutes, immersed in a piranha solution (2H2SO4 : 1H2O2) for 10 minutes, treated by a
standard procedure to remove organic contaminates in a solution of 1NH4OH : 1H2O2 :
1.5H2O at 80 °C for 10 minutes, dipped in 1% HF for 2 minutes (to make the surface
hydrophobic), rinsed with deionized water for 1 minute, and dried using N2 blow. The
wafers were then placed in the vacuum chamber immediately and coated with a ~50-nmthick Au film. The binary Si-Au phase diagram is presented in Fig. 3.4.
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Fig. 3.4. The binary phase diagram of Si-Au system (reprinted from Ref. [3]).

The bicrystals were made by aligning and bonding the Au coated (111) and (100)
wafers with ~15º and ~44º misorientation, respectively, to produce a low-symmetry  43
twist (111) GB and  29 twist (100) GB, respectively (Fig. 3.5).
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Fig. 3.5. A typical  29 bicrystal silicon with 0.1 µm Au coated on each surface.

The bonded bicrystal specimens were received at Clemson University and then
annealed using a MHI vertical furnace in the presence of flow of forming gas (Ar – 5%
H2) where titanium sponges were also used as oxygen getters. The annealing
temperature was between the eutectic temperature and the melting point of silicon. The
highest temperature in these experiments was nominally 1 K below the melting
temperature of silicon (TmeltingSi = 1683K); i.e., if we increased the set temperature by 1K,
the silicon wafers would melt (the temperature was monitored by a second thermocouple
placed near the specimen, and the monitored temperature fluctuation was about 1 K).
The temperature calibration data for this furnace are presented in Table 3.2, where the set
temperatures of the furnace controller (measured by thermocouples outside the tube) and
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the second thermocouple inside the furnace (near the sample) are presented. The
temperature which silicon wafers melt is used to calibrate the temperature. After
isothermal annealing of 5 hours, the specimens were pulled out of the furnace heating
zone into a cold zone flowing forming gas.
An example he cooling profile and a schematic picture of the MHI furnace is
presented in Fig. 3.6.The temperature (as monitored by the thermocouple near the
specimen) was reduced from the nominal annealing temperature of 1682 K to 1000 K in
~1.5 minutes and then from 1000 K to 600 K in ~3 additional minutes. The furnace used
for Si-Au experiments are shown in Fig. 3.7.
Table 3.2. The temperature calibration data of the furnace.
furnace T controller
o

Mesaured T
near the
specimen

1445

1409 ± 3

ΔT (= Tmelt- T)
Calibrated undercooling
using the measured
melting point
0 (Melt)

1444

1408 ± 3

≥1

1442

1406 ± 2

3

1440

1404 ± 1

5

1430

1398 ± 1

11

1350

1325 ± 1

84

1100

1100 ± 1

309

( C)
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Fig. 3.6. An example of cooling profile of the sample after gas quench.

The quenched specimens were then taken out of the gas furnace, cut transversely,
ground with silicon carbide papers up to 1200 grit, polished with 1.0 and 0.3 µm alumina
suspensions, respectively, and cleaned in acetone. A Hitachi SU6600 scanning electron
microscope (SEM) was used to observe the cross sections.
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(a)

(b)
Thermocouple Connection

Stainless Steel Tube

Compression Fittings
Alumina Sample Holder Tube
Alumina Furnace Tube
2" OD x 1 3/4" ID x 20" long

Insulation
Crucible
10.00
Heater Thermcraft
RH244 & VIP-4.5-12-0.00-2
Thermocouple

Gas Quench Chamber
Ball Valve

Gas Outlet
Space-filling cylinder
To vacuum
Ball Valve
To gas

Fig. 3.7. The MHI gas quench furnace (a) and schematic picture of the furnace (b).
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Transmission electron microscopy (TEM) specimens were prepared (at Lehigh
University by our collaborators) by using a combination of a focused ion beam
instrument (FIB; FEI Strata DB 235) and a careful low energy ion milling technique
(Fischione 1010) and characterized using an aberration-corrected scanning TEM (STEM,
JEOL 2200FS) equipped with an energy dispersive X-ray spectroscopy (EDXS) detector.
Micrographs reported here are Z-contrast high-angle annular dark-field (HAADF)
images.
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CHAPTER FOUR
NICKEL GRAIN BOUNDARY WETTING, PENETRATION AND
EMBRITTLEMENT BY LIQUID BISMUTH

Part of this chapter has been published in:
Meshinchi Asl K, Luo J. Acta Materialia 2011;60:149
and
Luo J, Cheng H, Meshinchi Asl K, Kiely CJ, Harmer MP. Science 2011;333:1730.
(TEM work reported in this chapter has been conducted by our collaborators in Lehigh
University)

4.1 Motivations
The chemical and mechanical stabilities of polycrystalline solid metals in contact
with liquid metals are important for understanding and controlling hot dip galvanization,
welding, soldering and other materials processes [1-13]. Compatibilities of solid and
liquid metals are especially important for the safe usages of liquid metals in the cooling
circuits in nuclear reactors, as well as in spallation target based nuclear energy generation
and nuclear waste incineration systems [1-9, 13]. Specifically, when polycrystalline
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solids are in contact with certain liquids, deep grain boundary (GB) grooves can develop
and liquids can quickly penetrate into the GBs. This has been studied in the context of
two related, technologically-important, materials phenomena: liquid metal corrosion [5-9,
13] and liquid metal embrittlement [1-4, 10-12, 14-16].
On one hand, liquid metal corrosion (LMC) studies focus on the dissolution at the
solid-liquid interfaces. When polycrystalline solids metals are used, preferential
intergranular dissolution and penetration are often the dominating corrosion processes in
many systems. Recently, there are an increasing number of studies of liquid metal
corrosion owning to their applications in nuclear reactors, which have been documented
in several review articles [5-7, 13].
On the other hand, the intergranular penetration in Ni-Bi, Cu-Bi and Al-Ga binary
systems (where the primary/solid phases are underlined) has been investigated in the
context of liquid metal embrittlement (LME) [1-3, 10-12, 14, 15], where the intergranular
penetration and the adsorption of the liquid metal species at the GBs in front of the
penetration tips can cause brittle intergranular fracture at unusually low stress levels.
Most of these studies have been conducted for binary systems only. In LME, the failure is
known to originate at the GBs where the adsorption of the liquid metal element occurs [1, 2,

11], but an exact understanding of the embrittlement mechanism at an atomic level has
puzzled the materials and physics communities for over a century.
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4.2 The Ni-Bi Binary System
Direct exposure of a solid pure (99.9945%) Ni to an equilibrium Bi-0.36Ni liquid
resulted in the formation of grooves and the liquid penetration along the GBs of pure Ni.
In this experiment, the start liquid (Bi-0.36Ni) was in a chemical equilibrium with Ni
(which has virtually no solubility of Bi in the solid state); thus there was no overall
dissolution of Ni into the Bi-rich liquid during the annealing. Fig. 4.1(a) shows a cross
section of a typical groove formed in a sample that was annealed at 700 C for 5 hours
and quenched. The dihedral angles (θ) were measured individually, and the distribution
of the measured dihedral angles for the specimen annealed at the 700 C for 5 hours is
shown in Fig. 4.1(b). The average dihedral angle was measured to be 44.7º and the
corresponding standard deviation was 19.6 º. Presumably, the boundary-to-boundary
variations were related to the different crystallography of individual GBs. Moreover, the
measured dihedral angles were 2-D projections of the true 3-D dihedral angles, producing
further variations; however, the average dihedral angles measured in 2-D cross sections
should be identical to the average dihedral angle in 3-D theoretically after making a
significant number of measurements [18]. Fig. 4.1(c) indicates that after approximately 5
hours the average dihedral angle reached a steady state. We also measured the average
liquid penetration length (L) as a function of time (Fig. 4.1(d)). After ~5 hours, the liquid
penetration length exceeded the Ni grain size (Fig. 4.1(e)). Intergranular fractures were
often evident (Fig. 4.2), indicating GBs were embrittled. It was well established that the
adsorption of Bi at Ni GBs in front of the penetration tips embrittled the GBs, a
phenomenon known as “liquid metal embrittlement” [2, 4, 10, 11].
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Fig. 4.1. Summary of the results of the intergranular penetration of the equilibrium Bi-Ni
liquid in pure Ni at 700 C. (a) A cross-sectional SEM micrograph of a typical GB
groove after annealing for 5 hrs. L is the penetration length and θ is the dihedral angle at
the penetration tip. (b) The distribution of measured dihedral angles at different GBs in
this specimen. (c) Measured average dihedral angle and (d) penetration length vs.
annealing time. (e) In a specimen that was annealed at 700 C for 16 hrs, the liquid
penetration length exceeded the grain size. Reprinted from Ref. 32 with permission from
Elsevier.
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Fig. 4.2. Intergranular fractures were evident in the SEM micrographs of the (a) cross
sectional and (b) fracture surfaces. Reprinted from Ref. 32 with permission from
Elsevier.

In an additional experiment, we used the initially pure Bi liquid to penetrate the
polycrystalline pure (99.9945%) Ni at the same temperature. Here, there should be a net
dissolution of Ni into the Bi-rich liquid in the initial stage of annealing until the liquid
composition reached the equilibrium (1Bi-0.36Ni). EDX analysis of the water quenched
specimens showed that the liquid had reached the equilibrium composition on the
liquidus line at 700 C (i.e., 1Bi-0.36Ni or 73.5 at. % Bi + 26.5 at. % Ni) after 5 hours.
The average dihedral angle was measured to be 41.3º ± 17.8º, which was
approximately identical to the measured average dihedral angle when the equilibrium
1Bi-0.36Ni was used as the starting liquid (44.7º ± 19.6º). This again suggested that
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dissolution was completed and a chemical equilibrium was reached after 5 hours (even if
the starting liquid was pure Bi). The average penetration lengths after annealing for 5
hours were measured to be 31 m and 38 m, respectively, when the starting liquid was
1Bi-0.36Ni and pure Bi, respectively (Table 4.1; Fig. 4.3). The slight increase in
penetration length when pure Bi was used as the starting liquid can be attributed to the
dissolution effect.

Fig. 4.3. Comparison of the intergranular penetration lengths (L’s) when pure Ni foils
were annealed in contact an equilibrium 1Bi-0.36Ni liquid and an initially pure Bi liquid,
respectively, at 700 C for 5 hrs. Reprinted from Ref. 32 with permission from Elsevier.
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Table 4.1. Summary of the measured penetration length (mean ± 1 standard deviation
m) for experiments performed at various conditions.

Solid Ni
“Pure”
99.9945%
Ni

Annealing Time

Starting Liquid
Composition

0.5 hr

1 hr

5 hrs

8 hrs

10 hrs

16 hrs

1Bi-0.36Ni

9±4

16 ± 7

31 ± 15

51 ± 14

77 ± 22

97 ± 34

Pure Bi

9.5 ± 5

-

38 ± 17

-

-

-

4.3 The Liquid Metal Penetration Models and Intergranular Penetration in the Ni-Bi
Binary System
Let us first discuss the GB wetting in the Ni-Bi binary system. Using a Miedema
type “macroscopic atom” model that were formulated by Benedictus, Böttger and
Mittemeijer [19,20] and modified by Shi and Luo (to consider a reference state set by the
binary liquid) [17], the solid-liquid interfacial energy for the interface between the solid
Ni and the equilibrium 1Bi-0.36Ni liquid (i.e., 73.5 at. % Bi + 26.5 at. % Ni) is estimated
as:

 SL 

interface
Ni 2
fuse
H Ni
H Ni
1.9RT
in Bi ( FBi )
= 0.12 J/m2,


2/3
2/ 3
2/ 3
C0VNi
C0VNi
C0VNi / Bi
(Enthalpic)

(Interaction)

(1)

(Entropic)

fuse
interface
where H Ni is the fusion enthalpy of Ni,  H Ni in Bi is the enthalpy of solution of Ni in Bi,

Ni
C0  4.5 108, V is the molar volume, R is the gas constant, and FBi represents the

“area” fraction Ni-Bi bonds at the interface defined in Refs. [17, 19, 20]. The above

38

equation assumes, for simplicity, no near-interface adsorption and ordering. The average
excess free energy for a “clean” Ni GB (without any adsorption) can be estimated as [17]:

( Ni , 0 )
 GB



vap
1 surface 1 H Ni
= 0.82 J/m2,
  Ni
 
2/3
3
3 C0VNi

(2)

The above value is close to the experimentally-estimated average GB energy of 0.92
J/m2 (at 700 C) for a 99.999 wt. % pure Ni [21]. Since

( Ni , 0 )
 GB
> 2   SL , (3)

complete wetting might (but in reality did not) occur at GBs. It is important to point out
that Eq. (3) is only a necessary but not sufficient condition for GB complete wetting to
occur (since there is significant confusion on this wetting condition in the literature).
This is because that the Gibbs adsorption theory tells us that at a chemical equilibrium,
the adsorption of the liquid element (Bi) can significantly reduce the actual (equilibrium)
GB energy:
( Ni  Bi , eq.)
 GB
 ( Ni , 0)
< GB .

(4)

For a case of complete GB wetting, a GB is replaced by two solid-liquid interfaces;
thus, if a complete GB wetting occurred, we would have

( Ni  Bi , eq .)
 GB
 2   SL by

definition. However, in this case, the observation in Fig. 4.1(a) clearly showed a
complete GB wetting did not occur. The average equilibrium GB energy (for general GBs
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with Bi adsorption at the saturated levels, where the bulk chemical potential was defined
by the equilibrium 1Bi-0.36Ni liquid) can be estimated by the Young Equation:

( Ni Bi, eq.)
 
2
 GB
= 2   SL  cos 0   0.22 J/m ,

 2

(5)

Here, we assume that the average dihedral angle of 44.7 in the Ni-Bi system, where
the intergranular penetration was not “finger like” as shown in Fig. 4.1(a), represents the
equilibrium (instead of the dynamic) dihedral angle (see discussion below [22]).
Although the above estimates may not be highly precise (because the Miedema type
models are generally more accurate for the cases where both elements are transition
metals), they indicated that the adsorption of Bi at GBs significantly reduced the GB
energy. This was consistent with the recent observation (using aberration corrected
HAADF STEM) that bilayer adsorption of Bi occurs at all general GBs in front of the
liquid penetration tips (See section 4.3); this high level of adsorption should lead to a
great reduction of GB energy according to the Gibbs adsorption theory.
Several models have been proposed for the intergranular liquid penetration in a
polycrystalline solid. A classical model treated intergranular penetration as an analogy to
thermal grooving and extended the Mullins model [23, 24] by replacing the vapor phase
with a liquid phase. This model assumes that the material transport is driven by capillary
forces and controlled by diffusion in the liquid phase, and it ignores the effects of GB
diffusion. The time-dependent groove (penetration) length, L, is given by:
L3 = [(1.01 ctg (θ))3 (γSL C∞L Ω / kBT )] DL t,
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(6)

where DL is the bulk diffusivity of the solid element in the liquid metal, C∞L is the
solubility of the solid element in the liquid metal, γSL is the solid-liquid interfacial energy,
 is the dihedral angle, kB is the Boltzmann constant, T is temperature, Ω is the atomic
volume, and t is time. Vogel and Ratke [25, 26] pointed out that the shapes of
experimentally-observed intergranular penetration channels can be different from the
Mullins type grooves, and they developed an improved numerical model to consider the
effects of GB diffusion. Rabkin [27] proposed that a coherency strain could be
responsible for the formation of non-Mullins grooving morphology or the so-called
“finger-like” penetration channels; more recently, Klinger and Rabin demonstrated that
the dependence of GB energy on composition and the Kirkendall effect during GB
interdiffusion could generate tensile stresses that facilitate rapid intergranular penetration
as well as intergranular fracture [28, 29]. Glickman and Nathan [22] proposed that
“finger like” intergranular penetration was resulted from a mechanical inequilibrium at
the penetration tip (triple line), where the dihedral angle could not achieve its equilibrium
value when the equilibrium dihedral angle approached to zero (θ0  0); thus, a dynamic
dihedral angle (θd > θ0) developed. In this model, the imbalance force at the penetration
tip causes stress-driven GB self-diffusion, and the time-dependent penetration length is
expressed as:
L = [(γgb)2 (1- (cos θd / cos θ))2 Ω / (DL γSL C∞L Z2 K T)] (Dgb)2 t,

where Z is the characteristic distance between dislocations.
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(7)

The grooves observed in this study in the Ni-Bi binary system (in the “pure” binary
system) were Mullins like. A typical groove is shown in Fig. 4.1(a). A linear fitting of
the double logarithmical plot of the penetration length vs. time produced an exponent of n
 0.6 (L  tn). This fitted exponent was between those predicted by the Mullins model (n
= 0.33) and the Glickman-Nathan model (n = 1). Thus, some significant GB diffusion
would likely have occurred and modified the classical Mullins behavior. There were
limited data on the kinetics of grooving in literature for this system; the reported
exponent varied from 1 (linear) [30] to 0.5 (parabolic) [31] and 0.2 [1]. Specifically, a
recent study [1] conducted on the same system at the same temperature gave an exponent
of ~0.2. This difference might be resulted from a relatively higher impurity level of C of
the Ni used in that experiment [1]. We should also recognize the penetration kinetics
could be different in the multiple-grain region when the penetration length exceeded one
grain size (~75 m). However, the penetration length vs. time curve shown in Fig. 4.1(d)
did not exhibit a significant change in the kinetic exponent.

4.4 Bismuth Bilayer Adsorption and Embrittlement Along the Nickel GBs
As discussed in previous section, Bi-0.36Ni liquid penetrated significantly into the
Ni GBs. After annealing at 700 or 1100 C, a bilayer interfacial phase in front of the
micrometer-thick liquid penetration tips was found at virtually all GBs (Fig. 4.4). This
bilayer interfacial phase cannot be clearly discerned in conventional phase-contrast
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HRTEM (Bi atoms show up as bright spots in STEM HAADF images due to their higher
atomic mass).

Fig. 4.4. Summary of the experimental observations for a specimen annealed at 1100 C
for 5 hours. (A) A bilayer interfacial phase has been found at all independent general GBs
examined in a prolonged “embrittlement region” in front of the micrometer-scale tips. (B)
SEM micrograph of a micrometer-scale tip. (C) STEM HAADF micrograph, showing
the equilibrium among Ni grains, a Bi pocket and a bilayer interfacial phase at the
adjacent GB. Reprinted from Ref. 33 with permission from AAAS.
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It was established that this macroscopic-long region of constant Bi adsorption is the
embrittled region [1-2, 10-11]. Study of the fracture surfaces by the SEM shows the
isolated Bi particles precipitated at GBs (Fig. 4.5(a)) which also been observed in a prior
study [10]. It appears that the liquid film can “jump” at GBs, as shown in Fig. 4.5(d),
although the two liquid films can be connected in 3-D. The observations of isolated Bi
precipitates and apparent “jumps” indicate that Bi atoms can diffuse rapidly along the
bilayer interfacial phase.
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Fig. 4.5. (a) and (b) SEM micrographs of fractured surfaces indicating the precipitation of
isolated small Bi particles and the occurrence of triple line wetting. (c) STEM HAADF
micrograph of a nanoscale Bi precipitate at a GB. (d) Cross-sectional SEM micrograph
showing a gap in the penetrating liquid Bi film along a Ni GB. Reprinted from Ref. 33
with permission from AAAS.

Fig. 4.6 shows 250 individual measurements of the projected distances between two
neighboring adsorbed Bi atom columns across two adsorbed layers. The average
(projected) distances between two neighboring Bi columns from the opposite layers is
0.39 nm, being greater than the Bi-Bi metallic bond length of 0.353 nm and close to twice
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of the Bi van der Waals radius (0.2  2 nm); the actual distance between two Bi atoms in
three dimension should be equal to or even greater than the value of 0.39 nm. Thus, the
inter-layer Bi-Bi bonds are likely weakened. More detailed discussion of the bilayer
interfacial phase is presented in Ref. 33 and its supporting materials.

Fig. 4.6. Measured (projected) distances between two neighboring adsorbed Bi atom
columns across two adsorbed layers. Reprinted from Ref. 33 with permission from
AAAS.
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CHAPTER FIVE
EFFECT OF IMPURITIES ON INTERGRANULAR PENETRATION OF
LIQUID BISMUTH ALONG THE GRAIN BOUNDARIES OF
POLYCRYSTALLINE NICKEL

Part of this chapter has been published in:
Meshinchi Asl K, Luo J. Acta Materialia 2011;60:149

5.1 Motivations
In chapter four we discussed phenomena relating the polycrystalline solid metals
in contact with liquid metals in the context of two related, technologically-important,
materials phenomena: liquid metal embrittlement [1-4, 10-12, 14-16] and liquid metal
corrosion [5-9, 13]. This chapter reports a systematic study on the effects of adding a
third impurity on intergranular liquid metal penetration using Ni-Bi as a model system.
Investigating the impurity effects on intergranular penetration is important for at least two
reasons. First, engineering materials are rarely used as their pure form. The presence of
impurities or internally added alloying elements is prevailing in most structural metals as
well as liquid metals. Second, understanding the impurity effects can offer a way to
intentionally control the intergranular penetration, as well as the related corrosion and
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embrittlement. While the impurity effects on intergranular liquid metal penetration are
clearly of technological importance, similar studies have not been conducted before,
which motivated this study.
Most of the prior studies of liquid metal corrosion have been focused on the
macroscopic level, while little work has been conducted to investigate the microstructural
aspects. Particularly, the intergranular penetration and its controlling factors are not
understood. We recognize that the impurity effects on liquid metal corrosion have been
investigated in the context of seeking corrosion inhibitors, particularly for the system of
steels in contact with the Pb-Bi liquid because of their applications in advanced nuclear
reactors. It was proposed that the addition of Zr and Ti can significantly inhibit the liquid
metal corrosion of carbon and low alloy steels, but it does not have considerable effects
for the stainless steels [5-7, 17]. However, we should point out that these corrosion
inhibitors prevent the dissolution of solids by promoting the formation of the protective
oxide layers on the solid surfaces. Whereas, this study focused on the impurity effect of
intergranular penetration without surface native oxide layers (where surface oxide layers
were removed prior to intergranular penetration experiments). To the best of our
knowledge, such a study, though it is practically important in part because it represents
the late stage of corrosion after breaking the native oxides [13], has not been
systematically conducted before.
In this chapter, we selected Ni-Bi as a model system. We demonstrated, for the first
time to our knowledge, significant enhancements of intergranular liquid metal penetration
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upon adding small amounts of impurities in either the solid or the liquid. Furthermore,
we propose a general framework to explain such impurity effects on intergranular liquid
penetration; specifically, we derived a new analytical model for the impurity effect for
the dilute solution limit, and we further systematically demonstrated how the interplay of
the bulk phase equilibria, interfacial segregation, diffusion, dissolution, precipitation and
stress generation can result in a variety of different intergranular penetration behaviors
and morphologies. These new findings, as well as the model and framework developed
in this study, are generally useful for understanding and controlling liquid metal
corrosion and embrittlement phenomena.

52

5.2. Impurities in the Solid Ni
Fig. 5.1 shows a comparison of the intergranular penetration of the equilibrium 1Bi0.36Ni liquid [40] in pure (99.9945%) and impure (99.5%) Ni. Specifically, the cross
sectional SEM images of intergranular liquid penetration of pure and impure specimens
of similar grain size after annealing for 5 hours are shown in Fig. 5.1(a) vs. Fig. 5.1(c);
here, the presence of ~0.5 at. % impurities (0.21 at. % Mn, 0.14 at. % Fe and 0.1 at. % Si)
in the Ni solid resulted in an increase of the average liquid penetration length by six times
(Fig. 5.1 (b)). At the same time, the average dihedral angle (measured in 2-D and
theoretically should be identical to 3-D after significant number of measurements [41])
decreased significantly, from 44.7 to ~5º (< 10º generally; Fig. 5.2); however, accurate
measurements of dihedral angle in the impure specimens were difficult because of the
often break-ups of thin liquid tips during the cooling/solidification and the further
smearing of Bi by the electron beam irradiation in SEM (Fig. 5.2). The similar impurity
enhancement effect was also evident in an impure Ni with a smaller grain size (Figs. 5.1
(d) and 5.1 (f)).
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Fig. 5.1. The intergranular penetration of the equilibrium Bi-Ni liquid was significantly
faster in (c) an impure Ni specimen (99.5 % Ni, 0.21 % Mn, 0.14 % Fe and 0.1 % Si)
than that in (a) a pure (99.9945%) Ni specimen of a similar grain size. (b) The mesaured
average penetration lengths for cases (a) vs. (c). (d) The intergranular penetration of the
equilibrium Bi-Ni liquid in an impure specimen of a smaller average grain size. (e) and
(f) Enlarged images of the circled area of panels (c) and (d), respectively. In all cases, the
Ni specimens were brought into contact with equilibrium 1Bi-0.36Ni liquids and
annealed at 700 C for 5 hrs. Reprinted from Ref. 79 with permission from Elsevier.
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Fig. 5.2. Representative images of the tips of the intergranular penetration of the
equilibrium Bi-Ni liquid in the impure (99.5 %) Ni. The apparent dihedral angles
appeared to significantly smaller (~5) than those in the pure (99.9945 %) Ni (see, e.g.,
Fig. 1(a)). However, the liquid channels were broken during the solidification and the
tips were further smeared by the e-beam irradiation in SEM, making accurate
measurements of the dihedral angles difficult. Reprinted from Ref. 79 with permission
from Elsevier.
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When the pure Bi was used as the starting liquid, this impurity effect of enhancing
penetration was even more pronouncing, which is vividly demonstrated in Fig. 5.3(a) vs.
5.3 (b). This effect was particularly significant in the initial stage when Ni was dissolving
into the liquid. The average penetration lengths after annealing for 0.5 hour in the
99.9945% and 99.5 at. % Ni foils, respectively, were measured to be 9.5 m and 187 m,
respectively (Table 5.1); this represented an increase of ~20 times (Fig. 5.3 (c)), which
was in contrast with the observation that applying an initially pure Bi (vs. an equilibrium
1Bi-0.36Ni liquid) only increased the penetration length in the pure Ni by ~ 23% (Fig.
4.3). The evolution of liquid penetration as a function of time in the impure Ni foil is
shown in Fig. 5.4. As shown in Fig. 5.4 (b-d), the apparent dihedral angle decreased
from 44.7º (in 99.9945% Ni) to < 10º (in 99.5% Ni), though the exact angle could not be
accurately measured because the very thin Bi penetration tips broke during solidification
(Figs. 5.4 (c) and 5.4 (d)). The widths of the channels increased with increasing
annealing time (Figs. 5.3(a), 5.4 (e) and 5.4 (f)), and this increase was more significant in
the early stage (Fig. 5.4 (a) vs. Fig. 5.4 (e)). This was presumably related to the
dissolution of Ni, which will be discussed further in section 5.6.
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Fig. 5.3. The effect of the purity of the Ni specimen on the intergranular penetration was
even more significant when the Ni specimens were brought into contact with initially
pure Bi liquids. SEM cross sectional images of (a) a pure (99.9945% Ni) specimen and
(b) an impure specimen (99.5 % Ni, 0.21 % Mn, 0.14 % Fe and 0.1 % Si) of similar
average grain sizes of ~75 µm after annealing in contact with initially pure Bi liquids at
700 C for 5 hrs. (c) The mesaured average penetration lengths for pure and impure Ni
foils after annealing in contact with initially pure Bi liquids at 700 C for different
durations. Reprinted from Ref. 79 with permission from Elsevier.
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Fig. 5.4. The time evolution of the intergranular liquid penetration in the impure (99.5 %
Ni, 0.21 % Mn, 0.14 % Fe and 0.1 % Si) specimens after being brought into contact with
initially pure Bi liquids and annealed at 700 C for (a)-(d) 0.15 hr, (e) 1 hr and (f) 5 hrs,
respectively. In (c) and (d), Bi-based penetration tips were presumably broken during
solidification and probably further smeared by the e-beam irradiation in SEM. Reprinted
from Ref. 79 with permission from Elsevier.
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Table 5.1. Summary of the measured penetration length (mean ± 1 standard deviation
m) for experiments performed at various conditions. Reprinted from Ref. 79 with
permission from Elsevier.

Solid Ni

“Pure”
99.9945%
Ni

“Impure”
99.5% Ni
0.21% Mn
0.14 % Fe
0.1 % Si

Starting Liquid
Composition
1Bi-0.36Ni
Pure Bi
1Bi-0.36Ni-0.014Mn
1Bi-0.36Ni-0.21Mn
1Bi-0.36Ni-0.014Sn
1Bi-0.35Ni-0.10Sn
1Bi-0.36Ni-0.014Fe
1Bi-0.36Ni-0.21Fe
1Bi-0.36Ni
Pure Bi

0.5 hr
9±4
9.5 ± 5

1 hr
16 ± 7

264 ± 18

187 ± 7
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Annealing Time
5 hrs
8 hrs
31 ± 15
51 ± 14
38 ± 17
95 ± 14
524 ± 63
338 ± 19
380 ± 27
292 ± 18
337 ± 48
176 ± 18
> 200

10 hrs
77 ± 22

16 hrs
97 ± 34

5.3. Impurities in the Ni-Bi Liquid
In a second set of controlled experiments, we added Fe, Mn and Sn (separately) into
the 1Bi-0.36Ni liquid. As shown in Fig. 5.5, addition of these impurities into the liquids
significantly changed the GB wetting and intergranular penetration behaviors in pure Ni
foils. The effects of adding 1 at. % and 5 wt. %, respectively, of these three impurities in
the 1Bi-0.36Ni liquid on the measured average penetration lengths are shown in bar chart
in Fig. 5.6 and listed in Table 5.1. Moreover, the morphologies and kinetics of the
intergranular penetration were different in each of the three cases (Fig. 5.4), which will
be discussed in section 5.6.
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Fig. 5.5. The effects of the addition of impurities in the liquid on the intergranular
penetration of pure (99.9945%) Ni. Representative cross-sectional SEM images for
specimens penetrated by (a) and (b) a Bi + 0.36Ni liquid without other impurities (as the
reference) vs. Bi-0.36Ni liquids with the addition of different amounts of (c)-(e) Mn, (f)(h) Sn and (i)-(k) Fe, respectively. The initial liquid compositions are labeled. All
specimens were annealed at 700 C for 5 hrs. Reprinted from Ref. 79 with permission
from Elsevier.
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Fig. 5.6. (Color online) Effects of the impurity addition in the Bi-Ni liquid on the
penetration length in the pure (99.9945%) Ni specimens after annealing at 700 C for 5
hrs. Representative SEM images are shown in Fig. 8. The causes for the observed
different behaviors are discussed in section 5.6. Reprinted from Ref. 79 with permission
from Elsevier.

First, for specimens annealed at 700 C for 5 hours, addition of 1 at. % Mn in the
1Bi-0.36Ni liquid (to form 0.1Bi-0.36Ni-0.014Mn) resulted in an increase of the liquid
penetration length by ~3 times, from 31 m and 95 m (Fig. 5.5(a) vs. (c)); adding a
large amount of Mn (5 wt. % Mn, i.e., 1Bi-0.36Ni-0.21Mn) resulted in a more
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pronouncing increase of the penetration length by ~17 times (to 524 m; Fig. 5.5(d)).
These results indicated that in this system the liquid penetration length depended to the
amount of Mn added. The effect of time on the penetration of the pure Ni with 5 wt. %
Mn in the liquid (1Bi-0.36Ni-0.21Mn) is shown in Fig. 5.7, which illustrates that the
liquid penetration was more significant in the early stage. The EDX investigation of the
quenched specimens with different amounts of Mn added in the liquid also revealed
interesting features. As shown in Fig. 5.8, after annealing at 700 C for 5 hours, the Bibased liquid (which was solidified in quenched specimens) no longer contain any
significant amount of Mn (< 1%); Mn was rejected from the liquid and diffused into the
Ni grains. The concentrations of Mn in Ni grains were higher at the areas near the bulk
liquid, indicating a diffusion process.
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Fig. 5.7. Effects of adding a substantial amount of Mn in the 1Bi-0.36 Ni liquid on the
penetration of pure Ni specimens annealed at 700 C for 1 hr and 5 hrs. Reprinted from
Ref. 79 with permission from Elsevier.
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(a)

(b)
Fig. 5.8. (a) A representative cross-sectional SEM micrograph of the intergranular
penetration of a pure Ni specimen by a Bi-0.36Ni-0.20Mn liquid at 700 C for 5 hrs. (b)
EDX spectra of four selected regions in (a). See discussion in section 5.6. Reprinted
from Ref. 79 with permission from Elsevier.
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Second, addition of 1 at. % Sn in the 1Bi-0.36Ni liquid resulted in an increase of the
liquid penetration length by ~11 times, from 31 m to 338 m, for specimens annealed at
700 C for 5 hours (Fig. 5.5(a) vs. (f)). This enhancement effect was more significant
than that after adding the same amount of Mn. However, unlike the case for Mn, adding
a large amount of Sn (5 wt. % Sn, i.e., 1Bi-0.36Ni-0.10Sn) did not result in a significant
further increase of the penetration length; it only increased slightly from 338 m for
adding 1 at. % Sn to 380 m for adding 5 wt. % (6.7 at. %) Sn (Fig. 5.5(f) vs. (g); Fig.
5.6). The origin for this difference on the concentration-dependence of the impurity
effect for adding Mn vs. Sn will be explained in section 5.6. Similar to the case of adding
Mn, an EDX analysis also showed the rejection of Sn from Bi-based liquid and diffusion
of Sn into solid Ni grains (Fig. 5.9). Furthermore, Ni3Sn precipitates were also found in
the liquid region (e.g., the point B in Fig. 5.9; we measured eight precipitates, all of
which had compositions of 25 at. % Sn – 75 at. % Ni with errors of ~ 1 at. %).
We must also mention that due to the rejection of impurities (Mn or Sn) from liquid
and diffusion into the solid Ni, the concentration gradient of impurity (Mn or Sn) along
the Ni foil exists. Thus we could conclude that the system has not reached its equilibrium
state and with the increase of time, Mn (or Sn) would eventually have a uniform
concentration all over Ni foil, where system has reached its equilibrium state.
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(a)

(b)
Fig. 5.9. (a) A representative cross-sectional SEM micrograph of the intergranular
penetration of a pure Ni specimen by a Bi-0.36Ni-0.10Sn liquid at 700 C for 5 hrs. (b)
EDX spectra of five selected regions in (a). See discussion in section 5.6. Reprinted from
Ref. 79 with permission from Elsevier.
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Finally, addition of 1 at. % Fe in the 1Bi-0.36Ni liquid resulted in an increase of the
liquid penetration length by ~10 times, from 31 m and 292 m, and adding a large
amount of Fe (5 wt. % Fe, i.e., 1Bi-0.36Ni-0.21Fe) further increased the penetration
length slightly to 337 m ((Fig. 5.5(a) vs. 5.5(i) vs. 5.5(j)); Fig. 5.6). The measured
penetration lengths in both cases were similar to the cases of adding Sn; however, the
intergranular penetration morphologies were different; in particular, the solid-liquid
interfaces were rough (Fig. 5.10(a)). An EDX analysis (Fig. 5.10) revealed that the liquid
did not contain any detectable amount of Fe and the added Fe impurity formed Fe-Ni
solid solution precipitates. The underlying thermodynamics and kinetics that led the
formation of this different morphology/microstructure will be discussed subsequently in
section 5.6.
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(a)

(b)
Fig. 5.10. (Color online) (a) A representative cross-sectional SEM micrograph of the
intergranular penetration of a pure Ni specimen by a Bi-0.36Ni-0.20Fe liquid at 700 C
for 5 hrs. (b) EDX spectra of three selected regions in (a). See discussion in section 5.
Reprinted from Ref. 79 with permission from Elsevier.
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5.4. Impurity Effects on Intergranular Penetration in the Dilute Solution Limit
The GB wetting in the Ni-Bi binary system using a Miedema type “macroscopic
atom” model [42-43] was discussed in section 4.2 and existing models with previous
studies on liquid metal penetration were discussed [45-54]. However the most noteworthy
observation of the present study was the significant impurity effects on enhancing the
intergranular penetration. Here we propose to explain this impurity effect based an
assumption that adsorption of an impurity can reduce the solid-liquid interfacial energy
faster than the GB energy because the segregation energy is generally more negative at
the solid-liquid interface; this proposed mechanism is schematically illustrated in Fig.
5.11 and elaborated subsequently. We should note this concept in our model followed a
similar idea proposed in the Rice-Wang model [55] for GB embrittlement, where they
proposed that the reduction in GB cohesion is because the surface segregation energy is
greater (more negative in the convention used below) at than GB segregation energy. In
a recent article [56], Glickman also used a somewhat similar mechanism to explain the
“alloying effect” in enhancing stress corrosion cracking in liquid metals or aqueous
solutions (by arguing that an alloying element is “a strong surfactant” that reduces the

 SL [56]).
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Fig. 5.11. Schematic illustration of the proposed mechanism for the observed impurity
enhanced the intergranular penetration. Reprinted from Ref. 79 with permission from
Elsevier.

Here, we derive the relevant equations based on the Guttmann type adsorption
theory for the dilute solution limit and illustrate the basic underlying concepts (noting
that our specific case is different from the Rice-Wang model for GB embrittlement [55]
or the stress corrosion cracking model [56] so that we cannot adopt those
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derivations/analyses directly). When a third impurity M (such as Mn, Fe or Sn) is
present in the Ni-Bi binary system, it will be adsorbed (segregate) at both GBs and solidliquid interfaces. Let us first consider the dilute solution limit where the amount of M is
low so that it does not cause an interfacial structural transition and the number of the
interfacial (GB) adsorption sites can be considered as fixed. Applying the Guttmann
model for the adsorption of M at the solid-liquid (S-L) interface in the Ni-Bi-M ternary
system gives [57]:

X M( S  L ) X M( solid )

e
X Ni( S  L ) X Ni( solid )

( S L )
 G M
kT

X

( solid )
M

e

( S L )
 GM
kT

. (1)

(location )
where X A
is the atomic fraction of A (A = Ni, Bi or M) in “(location)” [where

“(location)” = “solid”, “solid-liquid (S-L) interface” or “GB”]. At the dilute solution
(solid )
(solid )
limit, X M <<1 and X Ni  1; thus, the adsorption (segregation) free energy (

( S L)

G M

( S L ,0)

 G M

(S- L)

  X Bi

, where  is a parameter characterizing the dependence of
(S L)

adsorption energy on the interfacial composition) can be considered as a constant ( X Bi
S L

 constant). Noting that

G M

is negative for a case where M is enriched at the interface

in the current definition [57].
The solid-liquid interfacial energy will decrease with the adsorption of M according
to the Gibbs adsorption isotherm:
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d SL  M dM  M kTd[ln( X M( solid ) )]  0( S  L) X M( S  L) kT

dX M( solid )
X M( solid ) ,

(2)

(solid )
where we assume that the dilute solution follows the Henry law [  M  kT ln(KX M ) ,
(S  L)
where K is a constant] and 0
is the number of adsorption sites at the solid-liquid
( S  L)
X M( S  L ) , assuming that 0( S  L ) is roughly a constant and the
interfacial phase ( M  0

molar fractions of M in the bulk phases are negligible). Combining Eqs. (1) and (2)
produces:

d SL
dX M( solid )

( S L )
0

 

X

(S L )
Ni

kT  e

(S L)
 G M
kT

( solid )
XM
0

.

(3)

Similarly, we can derive the following equation for the impurity-effect on changing
GB energy for the dilute solution limit:

d GB
dX M( solid )

( GB )
0

 

X

( GB )
Ni

kT  e

( GB )
 GM
kT

( solid )
XM
0

.

(4)

The equilibrium dihedral angle is defined by the Young Equation:


 
cos 0   GB
 2  2   SL .

(5)

Differentiating Eq. (5) and plugging in Eqs. (3) and (4) produce:
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d 0
dX M( solid )

( solid )
XM
0


1

sin(

0 / 2)   SL


 d GB
   d SL  
 2 cos 0 

( solid )
( solid )  
dX
 2  dX M   X ( solid ) 0

M
M
( GB )

kT



sin( 0 / 2)  

( solid )
( XM
0 )
SL

 ( GB) ( GB )  G M
0 X Ni  e kT


 
 2 cos 0 0( S  L ) X Ni( S  L )  e
 2

( S L )
 GM
kT





.

(6)

The above equation can be re-written as:

d 0
dX M( solid )

( S L )

( solid )
XM
0

[  G M

 1  1   2  e


( GB )
][  GM
]
kT




,

(7)

where

1 

( GB )
0

kT  

X

( GB )
Ni

sin( 0 / 2)  

e

( GB )
 G M
kT

( solid )
(XM
 0)
SL

,

(8)

and
( S L )
X ( S L )
   2
 2  cos 0   0(GB )  Ni(GB )
X Ni
 2  0

(9)

are two parameters. Since 2 is a dimensionless number on the order of one, the
equilibrium dihedral angle will decrease with the addition of a small amount of M if the
segregation free energy is significantly more negative at the solid-liquid interface than the
( S  L)
( GB)
GB (i.e., {[GM ]  [GM ]}/(kT ) is significant positive number; again, noting that

in this definition G is negative for a case of positive interfacial segregation).
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In an analogous case of GB embrittlement (reduction of GB cohesion by impurity
adsorption/segregation), Rice and Wang [55] showed that for most (but not all) cases,

{[GM( surface) ]  [GM(GB) ]} is a positive and significant (around 50-100 kJ/mol for many
( surface)
]  [GM(GB) ]}/(kT ) is in the range of 6-12 at T = 1000K). Rice and
cases; i.e., {[GM

(surface)

Wang [55] explained the origin of GB embrittlement based on the fact that [  GM

]

(GB)

is generally greater than [  GM ] so the segregation will reduce surface energy more
than GB energy, which in terms reduce the cohesion energy.
In the current case, there is no experimental data or reliable models to estimate the
segregation energy of a third impurity (such as Mn, Sn and Fe) in the Ni-Bi-M ternary
systems. Our experiments showed that in the impure Ni, the apparent average dihedral
angle reduced from ~44.7 to ~ 5, as shown in Figs. 5.2, 5.4(c) and 5.4(d). This
( S L)

reduction of the dihedral angle suggested that [  GM

(GB)

] is also greater than [  GM ].

A prior study [30] showed a bilayer adsorption of Bi occur at general GBs in the Ni-Bi
binary system at 700 C; hence, the chemical environments of the M segregants should
be similar at the GB and solid-liquid interface. However, M segregants might have
higher energy states at the GB because of the confinement and the ordering [30], which
make it more difficult to relax the strain energy and cause structural frustration. This
(GB)

( S L)

should lead to a general smaller value of [  GM ] than [  GM

] for many (but

perhaps not all) impurities, which is analogous to the case of GB embrittlement and the
Rice-Wang model. This should reduce the average equilibrium dihedral angle and
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enhance the intergranular penetration with the impurity addition in general, while
exceptions can certainly exist. This proposed mechanism is schematically illustrated in
Fig. 5.11.
Both Mullins model (Eq. (6, chapter 4)) and Glickman-Nathan model (Eq. (7,
chapter 4)) suggest that a reduction of the equilibrium dihedral angle (0) will increase
the intergranular penetration length. Specifically, in the Mullins model, the penetration
length would increase by 4.7 and 9.5 times, respectively, if 0 was reduced from ~44.7 to
10 and 5, respectively; this is consistent with our experimental observation of ~ 6 fold
increase (Fig. 5.1(b)), though we should point out that the penetration tips in the impure
Ni were more “finger like”, indicating the intergranular penetration may differ from the
Mullins model (where the GB diffusion likely contributed substantially). More critical
and quantitative assessments of current observations are not feasible at this time.

5.5. Further Considerations: Interfacial Phase (Complexion) and GB Diffusion
Recent studies revealed the existence of nanoscale impurity-based GB phases,
particularly the “equilibrium-thickness” intergranular films in ceramic materials [26-28,
58-62]. More recent studies also uncovered the existence of impurity-based GB phases in
binary metallic systems such as W-Ni [31, 33, 34] and Mo-Ni [32, 38, 39]. Similar
impurity-based interfacial phases have also been found on free surfaces [27, 63-68] and at
phase boundaries [26, 69-75]. A series of other discrete GB “complexions” (a.k.a.
interfacial phases), such as monolayers, bilayers and trilayers, have been observed [18-
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21, 23-25, 76]. Specifically, a bilayer interface phase has been ubiquitously observed at
general GBs in the Ni-Bi binary system [30].
We should note that the above analysis of the impurity effects on the equilibrium
dihedral angle and intergranular penetration was based on the dilute solution limit, where
we assume that the amount of the third impurity is so small that it would not induce a
transition in the atomic-scale interfacial structure. The presence of a moderate amount of
a third impurity can further induce a change in the atomic-scale interfacial structural
transition, (i.e., a complexion transition), which may lead to more diversifying and
complex interfacial behaviors than that discussed in the previous section for the dilute
solution limit. The observation made in this study will likely simulate future studies to
take on a highly challenging job to seek and characterize such atomic-scale interfacial
structural transitions.
In addition to the interfacial energies and the equilibrium dihedral angle
(thermodynamic quantities), another factor to consider is that adding impurities can affect
the intergranular penetration kinetics by changing the transport rates, particularly the GB
diffusivity. A prior study [44] measured the GB diffusivities of a 99.999 wt. % Ni and a
99.96 wt. % Ni (where the four major impurities are Mn, Fe, Cu and Si, being similar to
our “impure Ni”), and it showed that the presence of these impurities reduced GB
diffusivities significantly. This appeared to suggest that these impurities should not
enhance intergranular penetration via increasing the GB diffusion rates. However, we
have to recognize that our case was different because of the presence of a Bi-rich liquid,
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which induced a GB structural transition that lead to the formation of Bi-based bilayer
interfacial phase at all general GBs in the Ni-Bi binary system [30]. The addition of other
impurities could further change the interfacial structure and the associated diffusion rates,
which will be the subject of a future study.

5.6. Effects of Bulk Equilibria: Dissolution, Precipitation, Diffusion and Stress
Generation
When the initially pure Bi (instead of the equilibrium 1Bi-0.36Ni) liquid was used,
the intergranular penetration was more significant. This can be attributed to a dissolution
effect; i.e., Ni dissolved from the solid into the Bi-rich liquid until the equilibrium 1Bi0.36Ni composition was reached. Specifically, when the pure (99.9945 at. %) Ni was
used, the application of the initially pure Bi only resulted in a moderate increase in the
penetration length (by ~23%) for the annealing time of 5 hrs. When the impure (99.5 at.
% Ni) was used, the application of the initially pure Bi resulted in wider and uniform
liquid channels (Fig. 5.1(c) vs. Fig. 5.3(b)) as well as a much more significant increase in
the penetration length (Table 5.1, Fig 5.3(c)). This difference can be understood from the
much smaller dihedral angle (~5) in the impure (99.5 at. %) Ni; thus, the penetration
channels were more “finger like” with an almost constant width at a particular time, and
the channel width grew over time (Fig. 5.4).
When a third impurity element (Mn, Sn or Fe) was initially added into the 1Bi0.36Ni liquid, the intergranular penetration was also significantly increased (Fig. 5.5 &
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Fig. 5.6), which was similar to the case where the impurities were present in the solid Ni
(Fig. 5.1). However, the morphologies of the intergranular penetration were different
(Fig. 5.5 vs. Fig. 5.1). The different intergranular penetration kinetics and morphologies
can be fully explained by considering the bulk phase/chemical equilibria (which generate
transport processes and stress, as we will discuss subsequently) in conjunction with the
segregation effects discussed above. To discuss the relevant microstructural evolutions,
we sketch the key features of the 700 C isothermal sections of the three ternary phase
diagrams for Ni-Bi-M (M = Mn, Sn or Fe) in Fig. 5.12. Noting that there are no available
measured or computed ternary phase diagrams for these systems; thus in Fig. 5.12 we
sketch the key features that are relevant to our experiments, i.e., solidus, liquidus and tie
lines, based on the binary phase diagrams as well as our experimental observations, such
as the SEM-EDX results shown in Figs. 5.8-5.10.

79

(a)

(b)

(c)
Fig. 5.12. (Color online) Schematic sketches of the key features (that are relevant to our
experiments) in the isothermal sections of the (a) Bi-Ni-Mn, (b) Bi-Ni-Sn and (c) Bi-NiFe ternary phase diagrams at 700 C. Liquidus (blue dashed), solidus (red solid) and tie
(dotted) lines are also shown. Reprinted from Ref. 79 with permission from Elsevier.
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Let us first discuss the cases where Mn or Sn was added into the liquid, since these
two cases exhibited many similarities (yet with a key difference in the concentration
dependence of the impurity effects that will be discussed later). As shown in Figs.
5.12(a) and 5.13(b), the Bi-Ni based liquid has significant solubilities of Mn or Sn (i.e.,
the ternary liquidus line starts from a Bi-Ni binary composition and ends at a Bi-Mn or
Bi-Sn binary composition), while the Ni based solid face centered cubic (FCC) phase has
only moderate solubility for Mn (up to ~30 at. %) or Sn (up to ~ 5 at. %). Somewhat
surprisingly, SEM-EDX analyses (Figs. 5.8 and 5.9) showed that Mn or Sn was (almost
completely) rejected from the Bi-Ni liquid (see points A in Figs. 5.8 and 5.9) and
dissolved and diffused into the Ni grains (see points B and C in Fig. 5.8 and points C and
D in Fig. 5.9). These results clearly indicated that at chemical/phase equilibria, both Mn
and Sn would like to partition into the Ni based solid FCC phase instead of the Bi-Ni
based liquid. Assuming that the Ni based solid and Bi-Ni based liquid phases were in
local equilibria at the solid-liquid interfaces in Fig. 5.8 and Fig. 5.9, the corresponding tie
lines were labeled in the corresponding ternary phase diagrams in Fig. 5.12(a) and Fig.
5.12(b).
The re-partition of Mn or Sn had two significant implications. First, it implied the
existence of a kinetic process (in addition to the intergranular penetration) that
transported the third impurity element (Mn or Sn) from the Bi-Ni based liquid phase to
the solid-liquid interface, where the impurity elements further dissolved and diffused into
the Ni based solid phase. This kinetic process resulted in concentration gradients in the
solid Ni phases, which were verified by the SEM-EDX analyses (Figs. 5.8 and 5.9).
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Second, the dissolution of Mn or Sn into the Ni based solid FCC phase should lead to
volume expansions of the solid phase and generated compressive stresses/strains. This
explained the different intergranular penetration morphologies when Mn or Sn was added
into the liquid. As shown in Figs. 5.5(e) and 5.8(a) (after adding Mn) and Figs. 5.5(h)
and 5.9(a) (after adding Sn), the “penetration fronts” were parallel to the original
specimen surfaces and no penetration tip was perpendicular to the specimen surfaces (in
contrast to the morphologies shown in Fig. 4.1 and Fig. 5.1). Presumably, such
morphologies (Figs. 5.5(e), 5.8(a), 5.5(h) and 5.9(a)) formed because they could release
the compressive stresses generated by the volume expansions associated with the
dissolution of Mn or Sn into the solid grains. Noting that in the present case, Mn or Sn
dissolved from the liquid phase into the solid Ni grains, but the Ni did not dissolve from
the solid back into the liquid phase. This can be deduced from the phase diagrams in Fig.
5.12 and verified from the EDX analyses (Figs. 5.8 and 5.9); both showed that the Ni/Bi
ratio was unchanged, implying no dissolution of Ni from the solid to the liquid phase.
Thus, although Mn and Sn are substitutional solutes in Ni, the dissolution and diffusion
of Mn or Sn from the liquid phase into Ni grains resulted in an increase in the solid
volume because of an increase in the total amount (number of atoms) of the solid phase,
which led to volume expansions of the solid grains. Consequently, solid grains were
spalled off. Moreover, possible fast diffusion of impurities along GBs could generate
local stresses that further facilitate the falling of the grains. Finally, the fallen grains in
the liquid phase could be re-arranged and organized due to the capillary forces, which are
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shown in Figs. 5.5(e) and 5.8(a) (after adding Mn) and Figs. 5.5(h) and 5.9(a) (after
adding Sn).
In contrast, in the case of penetrating impure Ni foils with the initially pure Bi,
uniform intergranular penetration channels (with rather constant widths) were observed in
Fig. 5.4, which were likely resulted from the dissolution if Ni into the liquid that led to
reduction of the volumes of the solid Ni grains.
Fig. 5.6 and Fig. 5.5 also illustrate a key difference in the penetration behavior for
the cases of adding Mn vs. Sn in the liquid. On one hand, adding a small amount (1 at.
%) of Mn in the liquid only enhanced the intergranular penetration moderately (by 3X),
while adding a large amount (5 wt. %) of Mn enhanced the penetration significantly more
(by 17X). On the other hand, adding a small amount (1 at. %) of Sn already enhanced the
intergranular penetration significantly (by 11X), but adding a large amount (5 wt. %) of
Sn did not enhanced the penetration much further (by 12X only). This can be explained
from the fact that the solubility limit of Sn in Ni is only ~5 at. %, whereas the solubility
limit of Mn in Ni is ~ 30 at. % (Fig. 5.12). It is well established that the GB enrichment
( GB )
( solid )
( GB )
ratio (  enrich  X M / X M  exp( GM ) ) is inversely proportional to the solid solubility

limit [77, 78], and similar relation may also apply for other type interfaces. This suggests
that the GB and interfacial segregation is only moderate for Mn. Thus, adding a small
amount of Mn only had only a moderate effect in enhancing the intergranular penetration
via reducing the equilibrium dihedral angle based on the mechanism proposed in section
5.4, and adding a greater amount of Mn further enhanced the penetration. In contrast, the
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enrichment ratios would like to greater for Sn segregation; thus, adding a small amount of
Sn already had in a significant effect, and increasing the amount of Sn did not help much
further because the segregation levels likely already reached the saturation. Moreover,
when the Sn/Ni ratio was above ~0.05, Ni3Sn particles precipitated (which was observed
by SEM-EDX; see Fig. 5.9, point B for an example); this was an additional (presumably
secondary) cause for the saturation of the enhancement effect.
Finally, the mechanism for enhancing intergranular penetration via adding Fe in the
Bi-Ni liquid might be somewhat different from all other cases. On one hand, the solid
solubility limit of Fe in Ni is as large as 88 at. % (Fig. 5.12(c)), indicating that a weak Fe
segregation at GBs or interfaces (because  enrich is inversely proportional to the solid
solubility limit [77, 78]). Thus, mechanism proposed in section 5.4 should be less
effective. Consistently, the average dihedral angle for this case was measured to be 38.7º
(Fig. 5.5(k); with an associated standard deviation of ~11.8º), which was close to the
average dihedral angle of 44.7º measured for the Bi-Ni binary system without the
addition the Fe. On the other hand, the solubility of Fe in Bi-Ni is very low (Fig.
5.12(c)). Thus, when Fe was “added” into the Bi-Ni liquid, it actually precipitated out as
solid particles in the liquid. These solid precipitates consumed some Ni from the liquid,
resulting in a chemical potential gradient for Ni, which drove the Ni to be dissolved to the
liquid from the Ni grains. The preferential dissolution of solid Ni at GBs enhanced the
intergranular penetration. The observation of rough solid-liquid interfaces (Fig. 5.10(a))
and the gradual narrowing in the width of the intergranular liquid channels (Figs. 5.5(i),
5.5(j) and 5.10(a)) supported this proposed mechanism.
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5.7. Conclusion Remarks
In summary, the effects of adding additional (third and beyond) impurities on the
intergranular liquid metal penetration of a solid polycrystalline metal was systematically
investigated using Bi-Ni based systems as the model systems. A framework to understand
such impurity effects was developed. A variety of intergranular penetration kinetics and
morphologies observed from experiments that used 10 different combinations of the
solid-liquid couples could be well explained via the interplay of interfacial segregation
and wetting, bulk phase equilibria, dissolution, precipitation and related transport
processes, and the stress generation associated with dissolution. The key conclusions
are:
( Ni , 0 )
(Ni , 0)
(1) Although  GB
> 2   SL (where  GB
is excess energy for a “clean” GB) in the

Ni-Bi binary system, the Bi-rich liquid does not completely wet the Ni GB. This
( Ni  Bi , eq .)
is because the adsorption of Bi significantly reduces the GB energy (  GB
<

( Ni , 0 )
( Ni  Bi , eq .)
 GB
) so that  GB
= 2   SL cos(  0 / 2 ) < 2   SL at the chemical equilibration.

(2) The presence of minor impurities can significantly enhance the intergranular
penetration. For example, < 0.5 at. % total impurities in the solid Ni could
increase the penetration length by six times when a near-equilibrium Bi-Ni liquid
was applied.
(3) A new analytical model has been derived for the impurity effect on changing the
equilibrium dihedral angle (which controls the penetration kinetics) for the dilute
solution limit. We recognize that a moderate amount of impurity may further lead

85

to interfacial structural (phase) transitions; therefore, more complex theories are
needed and more complex penetration behaviors are expected beyond the dilute
solution limit.
(4) When the initially pure Bi was applied, the intergranular penetration could be
enhanced due to a dissolution effect, and this enhancement could be magnified
when it interacted with the impurity effects.
(5) When Mn or Sn was initially added to the liquid, it was rejected from the liquid
and dissolved and diffused into solid Ni grains. In addition to the normal
impurity effects, this process generated compressive stresses/strains because of
the volume expansions, which led to different intergranular wetting and
penetration morphologies.
(6) The interfacial segregation of Mn is likely moderate. Thus, adding a small
amount (1 at. %) of Mn only enhanced intergranular penetration moderately (by
3X), while adding a large amount (5 wt. %) of Mn enhanced the penetration
significantly more (by 17X). In contrast, the interfacial segregation of Sn is likely
strong. Consequently, adding a small amount (1 at. %) of Sn already enhanced
the penetration significantly (by 11X), but adding a large amount (5 wt. %) of Sn
did not enhance the penetration much further (by 12X only) because interfacial
segregation likely already reach the saturation levels.
(7) When Fe was “added” into the Bi-Ni liquid, it precipitated out as solid particles in
the liquid. These solid precipitates consumed some Ni from the liquid and drove
the Ni to be dissolved to the liquid from the Ni grains. This resulted in a
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significant enhancement of intergranular penetration even if the interfacial
segregation of Fe is likely weak. This different mechanism resulted in yet another
type of morphology, including the rough solid-liquid interfaces and the tapering
of the intergranular liquid channels.
(8) The basic concepts, model and framework developed in this study (and
summarized above) can be generalized to understand the impurity effects on
intergranular liquid metal penetration in polycrystalline solid metals in other
materials systems.
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CHAPTER SIX
IMPURITY EFFECTS ON COPPER GRAIN BOUNDARY WETTING BY
LIQUID BISMUTH

6.1 Motivations
Grain boundary wetting and penetration of a solid metal by another liquid metal
has attracted great attention in the recent years (in part driven by an increasing interest in
using liquid metals in the cooling circuits in nuclear reactors). As discussed in the prior
chapter, grain boundary wetting and penetration by liquid metals are related to two
technologically important phenomena: liquid metal corrosion (LMC) and liquid metal
embrittlement (LME) [1-10]. Prior studies concerning impurity effects have been focused
on developing corrosion inhibitors to form protective surface layers. The solid-liquid
couple that has been studied the most is steels in contact with the Pb-Bi liquid (with a low
eutectic point of 123.5 ⁰C), which is used in liquid metal cooled nuclear reactors [4-7].
Recently, we investigated the effects of adding small amounts of impurities on
intergranular (Bi) liquid penetration in polycrystalline Ni, which was documented in
Chapter 4 and Chapter 5. This chapter reports a further extension of the investigation of
impurity effects in Cu-Bi. The Bi liquid penetration along the GBs and the Bi segregation
at the Cu GBs have been both studied extensively for the Cu-Bi binary system [16-26],
which have built a solid basis for further investigating the impurity effects. After
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presenting the results of the Cu-Bi system, the similarities and differences between the
Cu-Bi and Ni-Bi are discussed.

6.2 Key Results of The Cu-Bi Binary System
Like Ni-Bi, direct exposure of a solid pure (99.999%) Cu to an equilibrium Bi0.28Cu (700 ⁰C) and Bi-4Cu (953 ⁰C) liquid resulted in the formation of grooves and the
liquid penetration along the GBs. In this experiment, the equilibrium liquid composition
was used at each temperature to avoid any dissolution of Cu into the liquid during the
annealing. Fig. 6.1(a,b) and Fig. 6.1(e,f) show a cross section of a typical groove formed
in samples that were annealed at 700 and 953 C, respectively, for 5 hours. The dihedral
angles (θ) were measured individually, and the distribution of the measured dihedral
angles are presented in Fig. 6.1(c) and Fig. 6.1(g). The distribution of the measured
dihedral angles were 21.2⁰ with the standard deviation of 10.7⁰ at 700 ºC and 10.3⁰ with
the standard deviation of 8.4⁰ at 953 ºC. Noting corresponding dihedral angles are lower
for Cu-Bi than those in Ni-Bi at the similar homologous temperatures. The average
dihedral angles measured in 2-D cross sections should be identical to the average dihedral
angle in 3-D theoretically after making a significant number of measurements [11]. EDX
spectra of a relatively large area in the (solidified) liquid region after water quench (Fig.
6.1 (d) & (h)) also indicated that the liquid had the equilibrium composition.
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Fig. 6.1. Summary of the results of the intergranular penetration of the equilibrium Bi-Cu
liquid in pure Cu at 700 C (a-d) and 953 C (e-h) after annealing for 5 hrs. (a&e) Crosssectional SEM micrographs and (b&f) corresponding enlarged images of the typical GB
grooves (L is the penetration length and θ is the dihedral angle at the penetration tip).
(c&g) The distribution of measured dihedral angles. (d&f) EDX spectra of the (solidified)
liquid regions quenched from the two temperatures.
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Intergranular fractures were often evident (Fig. 6.2), indicating GBs were
embrittled [4, 9, 10, 11].
The comparison of the intergranular penetration lengths in Fig. 6.3 indicates a ~4
times increase in the average penetration length when the temperature is increased from
700 to 953 ºC. In general, an increase of annealing temperature results in an increase in
the average penetration length (for the identical duration) and a decrease in average
dihedral angle. As shown in Fig. 6.4, some liquid channels with very low dihedral angles
(θ≤5) were often broken during solidification (which could be furthered smeared by the
e-beam irradiation in SEM).

Fig. 6.2. SEM images of fractured surface indicating intergranular fractures.
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Fig. 6.3. Comparison of the average intergranular penetration lengths (L’s) at different
temperatures. The error bars represent  one standard derivations.

Fig. 6.4. Representative images of the “tips” of penetration liquid channels at 953 C.
The liquid channels were broken during the solidification and the tips might be further
smeared by the e-beam irradiation in SEM.
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Furthermore, we used the initially pure Bi liquid to penetrate the polycrystalline pure
(99.999%) Cu at 700 ºC (Fig. 6.5). In this experiment, there should be a net dissolution
of Cu into the Bi-rich liquid in the initial stage of annealing until the liquid composition
reached the equilibrium (1Bi-0.28Cu). EDX analysis of the water quenched specimens
showed that the liquid had reached the equilibrium composition on the liquidus line at
700 C after 5 hours. The average penetration length was increased by almost 20 times
(Fig.6.6) when the starting liquid was pure Bi (Table 6.1 & Fig. 6.6), as compared with
the case where an equilibrium Cu-Bi liquid was applied. This increase can be attributed
to the dissolution effect, which is more significant than that for Ni-Bi reported in the last
chapter [1]. Considering that the solubility limit for Cu and Ni in equilibrium Bi based
liquid are almost the same (22 and 26.5% respectively), the different behaviors between
Ni-Bi and Cu-Bi could be attributed to lower average dihedral angles of Cu-Bi compared
to those for Ni-Bi. A lower dihedral angle implies a longer penetration length given the
same amount of dissolution. This result is also in consistent with our previous
observation in Ni-Bi where the dissolution effects where more significant in impure Ni
foil compared to Pure Ni foil, when placed in contact with pure Bi (because the average
dihedral angle in impure Ni case is lower) [1].
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Fig. 6.5. The effect of applying an initially-pure Bi liquid vs. an equilibrium Bi-Cu liquid
on the intergranular penetration at 700 C (after annealing for 5 hrs).

Fig. 6.6. The mesaured average penetration lengths (L’s) for pure Cu foils after annealing
in contact with an initially-pure Bi vs. an equilibrium Bi-Cu liquids at 700 C for 5 hrs.
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6.3 Impurity Effects on Bismuth Intergranular Penetration along GBs of Polycrystalline
Copper
We added Mn and Sn (separately) into the 1Bi-0.28Cu (equilibrium liquidus
composition at 700 C) liquid to study the effects of impurity addition into the Bi based
liquid on the intergranular penetration. After annealing at 700 C for 5 hours, addition of
these impurities into the liquids changed the GB wetting and intergranular penetration
behaviors in pure Cu (Fig. 6.7), which will be explained in details subsequently. The
effects of adding 1 at. % and 5 wt. % of these three impurities in the 1Bi-0.28Cu liquid
on the measured average penetration lengths are also shown in the bar chart in Fig. 6.10
and listed in Table 6.1.
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Fig. 6.7. The effects of the addition of impurities in the liquid on the intergranular
penetration of pure (99.999%) Cu. Representative cross-sectional SEM images for
specimens penetrated by (a) Bi + 0.28Cu liquid without other impurities (as the
reference) vs. Bi-0.28Cu liquids with the addition of different amounts of (b-d) Mn and
(e-g) Sn. The initial liquid compositions are labeled. All specimens were annealed at
700 C for 5 hrs.
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For specimens annealed at 700 C for 5 hours, addition of 1 at. % Mn in the 1Bi0.28Cu liquid (to form 0.1Bi-0.28Cu-0.013Mn) did not result in a significant increase in
the penetration length (~1.2 times) as shown in Fig. 6.7 (b) vs. (a). However, adding a
large amount of Mn (5 wt. % Mn, i.e., 1Bi-0.28Cu-0.21Mn) resulted in a significant
increase of the penetration length by ~ 34 times (Fig. 6.7(c)). These results indicated that
the liquid penetration length depends on the amount of the Mn impurity added in this
system. The EDX investigation of the quenched specimens with different amounts of Mn
added in the liquid also revealed other interesting features. As shown in Fig. 6.8, after
annealing at 700 C for 5 hours, the Bi-based liquid (which was solidified in quenched
specimens) no longer contain any significant amount of Mn (< 1%) indicating that the
Mn was rejected from the liquid and diffused into the Cu grains. The concentrations of
Mn in Cu grains were higher at the areas near the bulk liquid, indicating a diffusion
process.
Likewise, addition of 1 at. % Sn in the 1Bi-0.28Cu liquid did not result in a
significant increase of the liquid penetration length (only ~1.1 times), as shown in Fig.
6.7(a) vs. (e). Adding a large amount of Sn (5 wt. % Sn, i.e., 1Bi-0.28Cu-0.10Sn) again
resulted in a significant increase of the penetration length (Fig. 6.8(f) vs. (a)). Similar to
the case of adding Mn, an EDX analysis also showed the rejection of Sn from Bi-based
liquid and diffusion of Sn into solid Cu grains (Fig. 6.9).
The effects of Mn and Sn impurities in equilibrium Bi based liquid on the
intergranular penetration along GBs of polycrystalline Cu are summarized in Fig. 6.10.

103

(a)

Fig. 6.8. (a) A representative cross-sectional SEM micrograph of the intergranular
penetration of a pure Cu specimen by a Bi-0.Cu-0.21Mn liquid at 700 C for 5 hrs. (b)
EDX spectra of four selected regions in (a).
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(a)

(b)
Fig. 6.9. (a) A representative cross-sectional SEM micrograph of the intergranular
penetration of a pure Cu specimen by a Bi-0.28Cu-0.10Sn liquid at 700 C for 5 hrs. (b)
EDX spectra of four selected regions in (a).
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Perhaps the most important observation of the present study was the confirmation
of the significant impurity effects on enhancing the intergranular penetration in Cu-Bi,
which was observed for Ni-Bi and explained in (in the prior chapter) based on an
assumption that adsorption of an impurity can reduce the solid-liquid interfacial energy
faster than the GB energy (also reported in ref. [1]). This will result in a reduction of the
average equilibrium dihedral angle and enhance the intergranular penetration based on
either Mullins or Glickman-Nathan models [13-15]. More details of this theory is
presented in chapter 5 and are not repeated here.
Like the case for Ni-Bi reported in Chapter 5, we can interpret the relevant
microstructural evolutions by sketching the key features of the 700 C isothermal
sections of the two ternary phase diagrams for Cu-Bi-M (M = Mn or Sn) in Fig. 6.11
(there are no available measured or computed ternary phase diagrams for these systems).
The key features in Fig. 6.11 that are relevant to our experiments are solidus, liquidus and
tie lines, based on the binary phase diagrams as well as our experimental observations,
such as the SEM-EDX results shown in Figs. 6.8 and 6.9. As shown in Figs. 6.10 (a) and
6.10 (b), the Bi-Cu based liquid has significant solubilities of Mn or Sn. The Cu based
solid face centered cubic (FCC) phase has also solubility of up to ~99 at. % for Mn and
up to ~ 8 at. % for Sn. The SEM-EDX analyses (Figs. 6.8 and 6.9) showed that Mn or Sn
were (almost completely) rejected from the Bi-Cu liquid and dissolved and diffused into
the Cu grains. These results clearly indicated that at chemical/phase equilibria, both Mn
and Sn would like to partition into the Cu based solid FCC phase instead of the Bi-Cu
based liquid (similar to the cases of adding Mn and Sn in the Ni-Bi system, which was
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discussed in Chapter 5). Assuming that the Cu based solid and Bi-Cu based liquid phases
were in local equilibria at the solid-liquid interfaces in Fig. 6.8 and Fig. 6.9, the
corresponding tie lines were labeled in the corresponding ternary phase diagrams in Fig.
6.11(a) and Fig. 6.11(b). The same behavior was also observed in Ni-Bi-X (Mn or Sn)
system [1]. This phenomenon is due to the existence of a kinetic process that transported
the third impurity element (Mn or Sn) from the Bi-Cu based liquid phase to the solidliquid interface, where the impurity elements further dissolved and diffused into the Cu
based solid phase.
However, there is a difference between the effects of the impurities (X = Mn or Sn)
in Cu-Bi-X system and the previous results for Ni-Bi-Sn system, where adding a small
amount (1 at. %) of Sn already enhanced the intergranular penetration along Ni GBs
significantly (by 11X) and further increase in the amount of Sn (5 wt. %) did not
enhanced the penetration much further (by 12X only). The reason for that difference
remained unclear to us.
On the other hand, the effect of the Mn impurity addition is almost the same in
both cases (Ni-Bi-Mn vs. Cu-Bi-Mn) where both systems exhibit similar ternary phase
diagram and the relative position of the compositions are almost the same. In both cases a
small amount (1 at. %) of Mn in the liquid only enhanced the intergranular penetration
moderately while adding a large amount of Mn enhanced the penetration significantly
more.
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Fig. 6.10. Effects of the impurity addition in the Bi-Cu liquid on the penetration length in
the pure (99.999%) Cu specimens after annealing at 700 C for 5 hrs (representative SEM
images are shown in Fig. 6.7).
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(a)

(b)
Fig. 6.11. (Color online) Schematic sketches of the key features (that are relevant to our
experiments) in the isothermal sections of the (a) Bi-Cu-Mn, and (b) Bi-Cu-Sn ternary
phase diagrams at 700 C. Liquidus (blue dashed) and solidus (red solid) are also shown.
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Table 6.1. Summary of the measured penetration length (mean ± 1 standard deviation,
m) for experiments performed at various conditions.

Starting Liquid Composition

“Pure”
99.999%
Cu

1Bi-0.28Cu
Pure Bi
1Bi-0.36Cu-0.013Mn
1Bi-0.36Cu-0.21Mn
1Bi-0.36Cu-0.013Sn
1Bi-0.35Cu-0.10Sn

Penetration Length
(annealing time of 5 hrs, 700
⁰C)

Penetration Length
(annealing time of 5 hrs, 953 ⁰C)

23 ± 5

80 ± 17

470 ± 37
27 ± 6
785 ± 53
25 ± 5
695 ± 36

-
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CHAPTER SEVEN
GRAIN BOUNDARY WETTING AND STRUCTURAL TRANSITIONS
IN Si-Au SYSTEM

Part of this chapter has been published in:
Shuailei Ma, Kaveh Meshinchi Asl, Chookiat Tansarawiput, Minghao Qi, Martin P.
Harmer and Jian Luo. Scripta Materialia 2012;66:203-206.
(HAADF STEM images are the courtesy of our collaborators in Lehigh University)

7.1 Motivations
Phase transitions of bulk materials are important for materials fabrication. Recent
discoveries show that like bulk phases, surface phases and GBs can undergo structural
(phase) transformations [1-3]; although interfacial phases have no identifiable volume
and cannot exist without abutting bulk phases (so they are not “phases” according to
Gibbs’ original definitions), they can exhibit phase behaviors; therefore, they can be
treated analogously to bulk phases [30,31]). GB phase behaviors are of a great
technological importance since they could be used to control microstructure development
and properties of materials; for example, it was demonstrated that GB phase transitions
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can control abnormal grain growth [17], solid-state activated sintering [26-28], and liquid
metal embrittlement [29].
Recently six conformations of GB phases have been identified in doped Al2O3
and other materials, and named as complexions [4-25]; they were used to explain
microstructural development and properties. However experimental evidence for the
occurrence of GB transitions is not widely observed. In a recent study of Ni-Bi system
(reported in Chapter 4), GB bilayer and trilayer structures were observed [29].
In this chapter, we selected Si-Au system as a model system to study the existence
of these GB wetting and phase behaviors. This system was selected because there are
extensive thermodynamic data and we are able to control the impurity levels in Si to a
level that cannot be achieved for other systems like ceramic (as discussed in Chapter 5
and 6, existence of impurities in a system at even very low levels can affect the wetting
behavior and GB structures). Finally, the technological importance of this system also
makes this study appealing due to the increasing usage of less pure polycrystalline Si in
solar cells and thin film electronics to lower the manufacturing costs.

7.2 Grain Boundary Dewetting in Si-Au
As mentioned in chapter 3, the Si bicrystals (with 100 nm Au film sandwiched
between) were made by aligning and bonding the Au coated (111) and (100) wafers with
~15º and ~44º misorientation, respectively. These Si bicrystals were then annealed at
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temperatures between the eutectic temperature and the melting temperature of silicon
(1414 ⁰C).
The Annealing of the Si bi-crystals results in the formation of the lens shape Si-Au
particles along the GB of the bi-crystal. Fig. 7.1 Shows a typical lens formed (after
dewetting) at the GB of (111) bi-crystal with 44 misorientation for ∆T=309, where ∆T =
Tmelt – T. The temperature calibration for these experiments was presented in chapter 3.
Average 2D dihedral angle at each ∆T was determined by measuring large number of
angles at high magnifications for each annealing temperature.
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Fig.7.1. (a) A SEM micrograph of a typical Si-Au lens along the GB of a (111) bicrystal with 44 misorientation at ∆T=309 after annealing for 5 hrs. (b) SEM micrograph
of the tip the same particle in Fig. 7.1(a) with 100 ⁰A of Au coat. Angle θ represents the
dihedral angle at the particle tip.
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As the annealing temperature increases (lower ∆Ts), the volume of Si-Au liquid at
the GB increases and also contains more Si. Based on the Si-Au phase diagram (Fig. 7.2),
at annealing temperatures between the eutectic and melting point of Si (1414 ⁰C), Si is in
equilibrium with Si-Au liquid and as the temperatures increase the Si content of the liquid
increases. Fig 7.3 shows the tip of a typical lens in a specimen quenched from ∆T ≤ 1.
The average measured dihedral angle decreases with increasing temperature as the
annealing temperature approaches to the melting temperature of Si. Since the dihedral
angle measurements are 2D measurements of a 3D angle, the average 2D measurement of
the dihedral angle at each annealing temperature was converted into real 3D angle using
the method presented in Appendix 1. The change of real 3D angle with temperature is
presented in Fig. 7.4 This angle represents the (γGB/γSL) ratio at each temperature.

Fig. 7.2. The binary phase diagram of Si-Au system (reprinted from Ref. [33]).
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Fig.7.3. SEM micrograph of a typical Si-Au lens along the GB of a (111) bi-crystal
with 44 misorientation in specimens quenched from ∆T= 5 (a) and ∆T≤1 (b) after
annealing for 5 hrs.
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Fig.7.4. The actual 3D dihedral angle at different ∆Ts for (a) the (111) bi-crystal with 15
misorientation and (b) the (100) bi-crystal with 44 misorientation.
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7.3 Electron Microscopy Observations of Si GBs
The GB region in front of each particle was characterized using STEM at Lehigh
University. Fig. 7.5(a) shows a tip and different regions of a (111) 15 twist GB in front
of a detwetted Au-Si lens. An Au-based bilayer (bright contrast in STEM due to the high
Z number of Au) is observed in region B; the bilayer is continuous and more than 100 nm
long with uniform thickness. A clean GB is observed in region D. Region C (in between)
is composed of small bilayers (~ 5-6 nm) and clean GBs. Presumably, the wetting and
adsorption configurations shown in Fig. 7.5 formed during specimen cooling.
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Figure 7.5. HAADF STEM micrographs of (a) a withdrawing Au drop at the interface of
a Si bicrystal, which presumably formed during cooling. (b)-(d) are views the Regions B,
C and D, respectively, at higher magnifications (Reprinted from Ref. 34 with permission
from Elsevier).
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The most significant observation of the microscopy study is the co-existence of
bilayers and clean/intrinsic GB (Fig. 7.6) which indicates the bilayer to clean GB
transition, which presumably took place during cooling and suggests that the GB
structural and chemical (phase) transition from a bilayer to an intrinsic/clean GB is likely
first-order.

Figure 7.6. (a) HAADF STEM micrograph showing abrupt transition regions between the
bilayer and the “clean” GB, indicating the occurrence of a first-order GB phase transition
between them.
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The STEM observation of the (100) 44⁰ twist GB did not reveal any adsorbed Au
atoms at the GB at ∆T≤1 (clean GB). The SEM image of the particle and the STEM
image of the tip are presented in Fig.7.7. This is probably due to the higher GB energy of
(111) 15⁰ GB compared to the (100) 44⁰ GB.

Fig. 7.7. (a) The SEM micrograph of particles at (100) 44⁰ twist GB and the (b)
STEM image of the GB in a specimen quenched from ∆T≤1.
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CHAPTER EIGHT
CONCLUSIONS

We studied the liquid metal embrittlement and corrosion phenomenon in this
dissertation, the atomic level mechanisms of which has been a subject of debate for more
than a century. We characterized a model system, a nickel sample infused with bismuth
atoms, using aberration corrected scanning transmission electron microscopy, and
observed a bilayer interfacial phase that is the underlying cause of embrittlement. This
finding provides a new perspective for understanding the atomic-scale embrittlement
mechanism.
We also systematically investigated the effects of impurities on the intergranular penetration
of Bi based liquids in polycrystalline Ni. A framework to understand such impurity effects was
developed. A variety of intergranular penetration kinetics and morphologies observed from
experiments that used 10 different combinations of the solid-liquid couples could be well
explained via the interplay of interfacial segregation and wetting, bulk phase equilibria,
dissolution, precipitation and related transport processes, and the stress generation associated with
dissolution.
In comparison with a nominally pure Ni (99.9945%), the presence of a total amount of <0.5
at. % impurities of Mn, Fe and Si in the Ni increased the penetration length by six times when a
near-equilibrium Bi-Ni liquid was applied; when an initially pure Bi liquid was applied, this
increment further enlarged to ~ 20 times in the initial penetration stage.
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In a second set of controlled experiments, addition of Mn, Sn and Fe, respectively, to the
liquid Bi-Ni all enhanced the intergranular penetration, but produced different kinetics and
morphologies. We extended a concept that was initially proposed in the Rice-Wang model for
grain boundary embrittlement to explain our observations of the impurity-enhanced intergranular
penetration based on a theory that segregation of an impurity could reduce the GB energy more
rapidly than the solid-liquid interfacial energy. Correspondingly, a new analytical model for the
effect of adding a third impurity on changing the equilibrium dihedral angle and the associated
intergranular penetration kinetics has been derived for the dilute solution limit. Furthermore, we
demonstrated that the interplay of bulk phase equilibria, interfacial segregation, transport
(dissolution, precipitation and diffusion) processes and stress generation could effectively explain
a variety of different intergranular penetration behaviors and morphologies that have been
observed in the experiments conducted using 10 different combinations of the solid and liquid
metals. The framework to understand the impurity effects on intergranular liquid penetration
developed in this study can be applied to other materials systems. This study has practically
importance for understanding and controlling liquid metal corrosion and embrittlement.
We also extended our study on the effects of the impurities to Cu-Bi system. Our results
further supported the understanding and models developed for the Ni-Bi system. Specifically,

addition of 1 at. % Mn in the Bi-Cu equilibrium liquid did not result in a significant
increase in the penetration length (~1.2 times), however, adding a large amount of Mn (5
wt. % Mn) resulted in a significant increase of the penetration length by ~ 34 times.
Addition of 1 at. % Sn impurity did not result in a significant increase of the liquid
penetration length (only ~1.1 times), however, adding a large amount of Sn (5 wt. % Sn)
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resulted in a significant increase of the penetration length (~30.2 times). In general our new
findings in this system were in consistent with our previous observations for Ni-Bi system.
We also conducted experiments on the Si-Au system. A grain-boundary transition from a
bilayer to an intrinsic boundary was observed in Si-Au. This observation supports a grainboundary complexion theory with broad applications.
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APPENDICES
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APPENDIX 1:
Converting Average 2D Measured angles to 3D at a Si Bi-Crystal GB

A typical Si-Au liquid at the GB of a Si bi-crystal is presented in Fig. 1-a. The angle in 2D
view of this particle after cut depends on the position of the cut from the center of the particle
(Y).

Fig. 1. The 3D view of a particle (a) and the 2D angle after the cut along the GB at
arbitrary distance of Y from the center of sphere (b).

After the cut, our view of the angle (which depends on Y) results in observing a lens shape
particle along the GB with dihedral angle of 2θ which could be measured using eq. 1 (Fig. 2).
Cos θ = (a2-b2) / (a2+b2)

(1)
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Fig. 2. The 2D view of a lens shape particle after the cut.

Where:
R´ = (R2 - X2)0.5

(2)

a = (R´2 - Y2)0.5 = (R2 - X2 - Y2)0.5

(3)

b = (R2 - Y2)0.5 – X

(4)

Thus, we can measure the angle θ based on the above parameters:
Cos θ = ((R2 - X2 - Y2)- [(R2 - Y2)0.5 – X]2) / ((R2 - X2 - Y2)+ [(R2 - Y2)0.5 – X]2)

(5)

The average angle 2θ (from -R´ to + R´) which could be calculated using eq. 6 (which is
also equal to our experimental average angle measurements over a relatively large number of
angles):
Cos θave =∫((R2 - X2 - Y2)- [(R2 - Y2)0.5 – X]2)/((R2 - X2 - Y2)+ [(R2 - Y2)0.5 – X]2) dx/2 R´
= (X/ R´) Arc Sin [(R2 - X2)0.5/R]

(6)
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The real dihedral angle (θ3D) is when the cut is exactly at the center of the sphere could be
calculated using eq. 7 for Y=0 as below:
Cos θ3D = X/R

(7)

Thus we could rewrite eq. 6 as below:
Cos θave 2D = Cos θ3D (R/R´)[Arc Sin (R´/R)]

(8)

If:
P = (R´/R)

0<P<1

(9)

Then:
Cos θave 2D = Cos θ3D (1/P)[Arc Sin (P)]

(10)

For any R we can calculate the relation between Cos θ 2D average and Cos θ 3D. For R=1 we have:
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